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ABSTRACT 

Standard heats of formation and densities have been estimated o r  
selected from the l i t e ra ture  fo r  over forty hydrocarbons whose heats of 
conibustion per uni t  mass are higher than that of kerosene, RP-1. These 
hydrocarbons contain either multiple bonds or  small strained carbon rings. 
Calculations of specific impulse (1000 psia/l  a b )  f o r  combustion with 
liquid oxygen have shown a potential increase in Isp (equilibrium expansion) 
of up t o  18 seconds (6%) a t  an oxygen/fuel weight ratio, (O/F)wr that  is 
stoichiometric fo r  combustion to  carbon monoxide and water. These resul ts  
and the calculated flame temperatures have been correlated w i t h  values of 
the hydrogen/carbon a t m  ratio, r, and the heat of formation, x, per gram- 
atom of carbon. The dependence of Isp on O/F has been calculated also fo r  
a number of representative hydrocarbons assuming both equilibrium and frozen 
expans ion. 

Available information on the thermal s t ab i l i t i e s  of these types 
of hydrocarbons has been assembled and reviewed. 
been estimated over a range of temperatures for  seven selected hydrocarbons 
for  comparision w i t h  those of RP-1. 
Similar data are presented f o r  a very dense hydrocarbon fuel. 

Physical properties have 

Heat transfer properties are discussed. 
' 

Few of these hydrocarbons are ar t ic les  of commerce; many of them 
are laboratory curiosities. 
Approximate estimates have been made of the probable cost of large-scale 
manufacture for  two hydrocarbons: 
These estimates, excluding amortization of capital  and w i t h  no provision for  
profit,  range from $0.53 t o  $1.5 per pound, depending on scale and process 
options. 
order of magnitude. 

Synthetic routes are discussed briefly. 

1,7 octadiyne and spiro(2,2)pentane. 

The cost of experimental quantities would be higher by a t  least  an 

In considering these fuels as possible higher-performance replace- 
ments fo r  RP-1 i n  existing booster rocket engines, the major difficulty is 
posed by the f ac t  that  their hydrogen/carbon atom ra t io  i n  most cases is less  
than tha t  of RP-1. 
conditions w i l l  be lower than tha t  used with RP-1. 
fuel  through the engine w i l l  have t o  be increased if a decrease in the mass- 
flow ra t e  of propellant is t o  be avoided. M a n y  of the fuels considered 
have densities lower than that  of RP-1; this w i l l  tend t o  decrease their  
mass-flow rate  through a given system with centrifugal pumping a t  constant 
power, Calculations are presented t o  show that it' the m a s s - f l o w  ra te  of 
propellant can be held constant, significant gains in payload can be 
achieved w i t h  the use of these energetic hydrocarbon fuels. It w i l l  be 
easiest t o  achieve these conditions wi th  an energetic hydrocarbon whose 
density is relatively high and whose H/C ra t io  is not too low, such as 
dispirooc tane or  dispirodecane 

This implies that  the ra t io  (O/F), under operating 
Thus, the mass-flow of 
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THEORETICAL ANALYSIS OF THE PERE’ORMANCE AM) PROPERTIES OF 
HIGH ENERGY HYDROCARBON BOaSTER FUEIS 

SECTION I 

INTRODUCTORY SUMEJIARY 

A. Introduction 

In the early 1950’s the possible u t i l i t y  of energetic hydrocarbons 
as storable rocket fuels, hypergolic w i t h  n i t r i c  acid, w a s  explored in work 
sponsored by several federal agencies. Such hydrocarbons have an abnormally 
high heat of combustion per unit mass as a result of the strain energy of 
unsaturation (nonaromatic double o r  t r i p l e  carbon-carbon bonds) o r  of s m a l l  
ring structures containing three o r  four carbon atoms per ring. Among the 
hydrocarbons considered in this early work were er’vatives of acetylene, ’1, ‘) 

t e  polyolef ins, 2, acetylenic olef ias, ’f, ‘f derivatives of cyclo- 
“ 0 ~ u g ~ 9 3 7  propane and some spiranes and d i ~ p i r a n e s ; ~ )  a great many energetic 
hydrocarbons were synthesized a;nd p w t i a l l y  evaluated. W i t h  the development 
of hydrazines as energetic fuels hypergolic w i t h  n i t r i c  acid, bterest in 
the synthesis of these hydrocarbons subsided. A t  about this t b e ,  howeveq a 
period of rapid development began in  the chemistry of polycyclic small-ring 
hydrocarbons. During the past ten years m q y  new hydrocarbons of this type 
have been synthesized, primarily by academic organic chemists. These hydro- 
carbons are also energetic. 
quantity, 
study; in many cases not even a density or  refractive index is available in 
the l i terature .  In addition t o  these energetic hydrocarbons, a potential 
source of a very dense, b t not highly energetic liquid hydrocarbon has 
recently been developed.’P The work described in the present report w a s  
directed toward an evaluation of the potential u t i l i t y  of energetic or dense 
hydrocarbons i n  general as replacements fo r  kerosene (RP-1) in combustion w i t h  
liquid oxygen in  existifig rocket engines. It w a s  thoqght that the increased 
payload attainable with special hydrocarbon fuels fo r  special missions might 
just i fy  the i r  higher cost, especially i f  only minor modifications of existing 
large rockets were needed to  use the novel fuels effectively. In order t o  
explore th i s  possibility, we have calculated performance parameters fo r  a 
number of high energy hydrocarbons for  combustionwith liquid oxygen (LOX) . 

Most of them have been made only in small 
however, and the i r  physical properties have been given only limited 

B e  S~mmary of Results 

1) 
fuel  r a t io  (O/F) fo r  over 40 known or hypothetical hydrocarbons f o r  both 
equilibrium and frozen expansion frcan 1000 psia t o  one atmosphere; these 
results have been correlated with s t ructural  parameters such as heat of 
formation, density and chemical composition t o  provide formulas fo r  inter- 
polation or modest extrapolation. 
data where these were available; fo r  many hydrocarbons, haorever, estimates 
had to  be made of the heats of formation or  densities, The methods of 
estimation used are described in an Appendix t o  this report. 

We have calculated specific impulse as a function of oxygen/ 

The calculations were based on experimental 

NASA- CR- 72438 - 1- 



A number of hydrocarbons were found to  provide theoretical a d v e  
tages Over RP-1 i n  specific impulse (gains of 2.5% t o  over 6%) . 
hydrocarbons provide gains i n  propellant density (1% t o  lo$), but most of 
the fuels considered provide lower propellant densities than does RP-1,. 
perfomance parameters of some selected hydrocarbons are l i s ted  i n  the 
following Table 1 fo r  comparison with RP-1. 
oxygen-to---/F) r a t io  that is Stoichiometric fo r  combustion to  CO plus 
k0 ;  the operational O/F is l ikely to  be close t o  th i s  value. In general, the 
maximum specific impulse occurs a t  an O/F r a t i o  that differs  s l ight ly  from 
this stoichiometry; it is considered in de ta i l  in the body of the report. The 
parameters l i s ted  in the Table include specific impulse Is 
equilibrium, stoichiometric), fuel  density p, density h p d s e  7; ISP, where 
is propellant density, and oxygen/fuel w e i g h t  r a t i o  (O/F),. 

impulse are omitted from the Table. Cubane (314.8 see) is very expensive t o  
prepare. Tetrahedrane (320-327 sec) has never been made. Acetylene (324.9) 
and 1,bpentadiyne (314.9 sec) present serious problems of handling and 
thennal s t ab il i t y  . 

A few 

The 

The comparison is made at an 

(shift ing 

Several hydrocarbons that  can provide even higher specific 

The l ighter  high-energy hydrocarbons are low in density and in 
hydrogen/carbon ratio;  these are characterized by low O/F stoichiometric 
volume ratios, low propellant densities, and low values for  the density- 
impulse product. 
that  provide substantial advantages in both specific impulse and density- 
impulse. 
t h i s  leads t o  stoichiometric O/F weight and especially volume ratios that  
are lower than those of RP-1. A t  another extreme, SHELLDYfl,  a proprietary 
high density hydrocarbon fuel, gives a s l ight ly  lower specific impulse than 
RP-1 but a much higher propellant density, density-impulse, and volumetric 
O/F ratio. 

On the other hand, there are fuels such as 1,7-octadiyne 

For most of these, however, the hydrogenlcarbon ra t io  is low and 

2) Performance parameters have been calculated f o r  a few two- 
component blends of hydrocarbons that d i f fe r  substantially from one 
another in individual properties. The density-impulae of such a blend is 
found t o  be very nearly a l inear function of the weighbpercent of one or  
its components in the blend. On th i s  basis, a blend of 1,7-octadiyne with 
SHELID-, designed to  match the volumetric O/F ra t io  of RP-1, w a s  found to 
yield the following increments in perfomance parameters Over RP-1: i n  
spec if  i c  impulse, 2.0%; in propellant density, 4.8%; in density- impulse, 
7.0$1. 

On the basis of these results and considerations of preparative 
chemistry, approximate cost, and thermal stabil i ty,  spiropentane and 1,7- 
octadiyne appear t o  be candidates fo r  possible near-term ap l icat ion as high- 
energy hydrocarbon fuels, possibly in blends w i t h  SHELLD & or quadricyclene 
as high-density blending agents for  the adjustment of volumetric oxygen/fuel 
ratios. Other hydrocarbons of potential interest  as high energy hydrocarbon 
fuels are l,k-hexadiyne, 1,6-heptadiyne, bicycle( l,l,O)butane, and bicyclo- 
(2,l,O)pentane. Two hydrocarbons that  may be of greater long-range interest  
are dispiro(2,1,2,l)octane and dispiro(3,1,3,l)decanene; synthetic routes fo r  
preparing these need further study. 
it may be easier t o  achieve with them the increased mass-flow of fuel  required 
t o  maintain adequate mass -  flow of propellant. 

The potential advantage of these is that  

NASA- Cii- 72438 - 2- 



Table 1. THEORETICAL PERFORMANCE PARAMETERS OF SOME HIGH ENERGY 
HyDRocARBONS AS ROCKET FUEIS FOR COMEIUSTION WITH 

LOX AT SMICHIQMETRIC O/F 

Fuel 

uleneb) 
B icyclobutaneb) 
Me thy lac e tyleneb) 

Ethylene lP5 Hexy3yne 
Cyclopropylacetylene 
spire( 2,2)pentane 
1,6- Hept adiyn 
Cyclopropanebe 
Dimethy lace tylene 
Dispiro( 2, l1 2 1) octane 
B icyclo ( 2,- 1,O) pentane 
1,7-octadlyne 
Spiro(3,2)hexane 
Dlcyclopropylac etylene 
Cyclopropylc clopropane 
Cy clobut a a b y  
Methylenecyclobutane 
Displro(3,lr3,l)decane 
RP-1 

1 Calculated for  shift: 
SHELIDYNE? 

PC) 
p fuel 

ml 

0.660 
0 750 
0.675 
0.794 
0.5638 
0.775 
0.7487 
0.8009 
0.681 
0.6856 
0.846 
0.7846 
0.808 
0.788 
0.870 
0 785 
0.702 
0 0 7349 
0,847 
0.805 
1.09 

x p w  ior 

288.5 
306.4 
290.6 
308.2 
272.0 
306-0 
303.2 
308 . 0 
292 0 5 
289 .o 
315 a ?  

306.8 
308.2 
307.2 
317-5 
305 07 
293 .8 
296.8 
312. 
299.7 
331.6 

LOO0 psia 

(O/F)w 
weight r a t i o  

For liquid fuel h i t i a l l y  at  boiljag p0"mt. (Q bel& room 
A t  25OC f o r  fuels boiling above 25°C; otherwise, a t  '&. 

1.997 
2 071 

' 1.997 
1.844 
2.281 
1 936 
2 114 
1.910 
2.281 

2.071. 
2 . 114 
1 959 
2 . 143 
1.959 
2 143 
2.281 
2.114 
2 114 

2 0 071 

2 0 24-2 28 
1.910 

L atm. 
temperature) 
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4) Physical properties (heat capacity, density, thermal conductiv- 
i t y  and viscosity) have been estimated by corresponding states correlation 
methods over the range 500-1200"F fo r  nine hydrocarbons: 
1,6-heptadiyneY 1, 7-octadiyneY bicycle( l,l,O)butane, bicycle( 2, I, O)pentane, 
tricyclo(3,1,0, 02j4)hexane, spiropentane, SHELLDYNE? and RP-1. From these 
data the ra t io  of the heat transfer coefficient t o  tha t  of RP-1 has been 
e s tha t ed  Over the same temperature range for  film heat transfer t o  liquid 
in turbulent f l a w  i n  a tube. 
heat transfer coefficient of SHELLOYNE? is lm; that  of 1,7-octadiyne is 
close t o  unity; those of the other candidate hydrocarbons are well above 
unity. 

ly4-hexadiyne, 

Because of its high viscosity, the relative 

5) Literature data concerning thermal s t ab i l i t y  of many of the 
candidate hydrocarbons have been assembled; most of these data, unfortunately, 
are based only on them& decomposition of di lute  vapors. 
however, tha t  most of' the promising hydrocarbons w i l l  have adequate storage 
s tab i l i ty  or can be adequately stabilized by means of additives. 
aspects of the chemistry of these materials are discussed. 

It appears l ikely 

Some 

6) Preliminary screening-type estimates have been made fo r  the 
cost of production of 1,7-octadiyne and of spiropentane. 
octadiyne w a s  based on early small-scale process-development data; that  fo r  
spiropentane w a s  based on a n  extrapolation of known chemistry. The cost 
of la rgesca le  continuous production of lY7-octadiyne, without prof i t  o r  
amortization of capital, is estimated t o  l i e  in  the range $0.53 t o  $O.80/lby 
depending on scale and on process options; in the scale range 20-26 million 
lb/yr, the estimated capital  costs ranged from $0.13 t o  $0.57 per annual 
pound of product. 
and preliminary. The cost of specially manufactured test quantities is 
l ikely t o  be higher by a factor of ten or  twenty. Spiropentane w i l l  be 
appreciably more expensive; it has a s l ight ly  higher specific impulse, higher 
thermal stabil i ty,  lower fuel  density and comparable O/F volumetric ra t io  a t  
stoichiometric i n  comparison with the octadiyne. 

The qMmate fo r  

It is t o  be emphasized that these estimates are tentative 

C. References fo r  Section I 

1) Shell Development Conrpany, Final Report No. S-13526, Feb. 1952- 
Sept. 1953 under Contract No. Noas 52-8086 for  Bureau of Aeronautics, 
Department of the Navy. 

2 )  J. Happel and C.J. Marsel, "Acetylenic Compounds fo r  Rocket Fuels," 
New York University Report NYu-175 .9, December 1, 1952, prepared 
under Contract No. Nonr-285(&) fo r  ORTR/Bu Aer.  

3 )  V.A. Slabey, P.H. Wise and L.C. Gibbons, U.S. Nat. Advisory Corn. 
for  Aeronautics Report No. 1112 (1953). 

4) E.R. Buchman e t  al, California Inst i tute  of Technology, Final Report, 
Contract K 6  onr-244/XI, October 1951. 

Letter from FIG. Bollo, Products Application Deparhent, Shell  Oil 
Company, San Francisco, January 1965. 

5) 
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SECTION I1 

HYDROCARBON ROCI(ET FUELS, GENERAL CONSIDERATIONS 

A. Composition and Heat of Formation as Correlating Parametem 

As a rocket fue l  f o r  combustion with liquid oxygen (Lax), the 
potential  performanee of a hydrocarbon depends on its composition, its heat 
of formation and its density. 
be represented in general 88 C f i ;  we w i l l  represent its empirical composition 
as C H p  where r = m/n = H/C atom ratio. 
maximum of 4.0 in methane, C k ,  t o  less  than unity in the condensed poly- 
aromatics such as anthracene, C14Hlo or C&,71a; w e  sha l l  use r as a 
correlating parameter. 

The molecular composition of a hydrocarbon can 

The value of r ranges from a 

The heat of formation of a hydrocarbon can be expressed in a 
variety of ways; in this report we have found it convenient t o  make 
correlations in terms of the heat of formation per gram atom of carbon, in 
kcal, for  which we use the symbol x. Thus 

x = AHf/.n 

where AHf is the standard enthalpy of formation per gram mole. 
estimating x, in case it is not known experimentally, are discussed in 
Appendix 2. 

Methods for  

When a hydrocarbon is burned with LOX in a rocket engine, the 
dominant products are carbon monoxide and water. 
mately represented by the following stoichiometric equation: 

The process can be approxi- 

11.1 

We shall refer t o  the weight ra t io  of oxygen to fuel  in th is  equation as 
"stoichiometric". 
on the fuel-rich side of stoichiometric in order t o  maintain a protective film 
of carbon on the heat-exchange surfaces. 
t o  compare hydrocarbons with respect t o  the specific impulse calculated for  
the stoichiometry of (1) in order t o  see systematic trends with composition 
and heat of formation. 

Hydrocarbon- fueled rocket engines usually operate s l i g h t l y  

Nevertheless, w e  have found it useful 

When reaction 11.1 operates t o  form products at 25OC, the heat 
evolved, q per gram of reactant mixture, can be written as 

11.2 
- 0.888 + 0.0357~ + 1.0035r - 

1 f 0.322r 

This equation is based on a heat of formation of liquid oxygen a t  90°K, 
relative t o  the gas a t  298OK, of -3.06 kcal/gm mole. The symbol x In the 
equation w i l l  be used throughout this report t o  refer t o  the heat of formation 
of the hydrocarbon in kcal per gram-formula-weight of CHr (Le. ,  kcal per 
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12.01 + 1.008~ grams). 
the heat of formationof &O is more strongly negative than that  of CO. 

The dependence of q on r results from the fac t  tha t  

A t  the same time the average molecular weight of the products 
decreases with increasing r in accordance with 

- 
M = 28(1 + 0.3217r)/(l + 0.500r) 11.3 

Thus, qualitatively, the specific impulse a t  can be 
expected to  increase with x a t  constant r or with r a t  constant X. 
results presented l a t e r  show that  this is indeed the case. 

The 

B. Energetic Hydrocarbon Structures 

of r is close t o  2 and the value of x f a l l s  in the range -6 t o  -7 kcal/gm 
atom C. 
chemical 'lunsaturation'l in  the form of double or  t r i p l e  carbon-carbon bonds, 
or by introducing s t ructural  
carbon rings. In each case, however, an increase in x is achieved a t  the 
expense of a concomitant decrease in  r, and the increase i n  specific impulse 
is less than would have been achieved if x had been increased at  constant F. 
These effects are i l lustrated by Table 2a where the parameters x and r, and 
the calculated specific impulse a t  stoichiometric are compared for  a number 
of hydrocarbons, a l l  of which contain 4 carbon atoms but d i f fe r  from one 
another i n  structure. The specific impulse l i s ted  was calculated for  combus- 
t ion of the liquid hydrocarbon, i n i t i a l ly  a t  2ToC, with LOX a t  the stoichi- 
ometry of equation (l), followed by expansion from 1000 psia to  1 atm with 
shift ing equilibrium. The results show that an increase i n  x a t  constant r 
results in  an increase in Isp, as expected (compare cyclobutane with butene-2) 
When the increase in x is accompanied by a decrease in r, however, the 
increase i n  Is 

leads t o  a relatively high value of .Isp, even if  r is relatively law. 
Parameters are given fo r  comparison for  two reference fuels, RP-1 and benzene. 

For the saturated hydrocarbons that predominate in RP-1, the value 

Higher (more positive) values of x can be attained by introducing 

in  the form of three-carbon or four- 

is smaller and may even be replaced by a decrease (compare 
cyclobutane w i  $1 h 1,3 butadiene). In general, however, a high value of x 

The outstanding contributors t o  high values of x in Table 2a are 
the t r ip l e  bond, a pair  of adjacent double bonds, and the bicyclobutyl group 
with two fused three-membered rings. 
have been synthesized or can probably be synthesized are l i s ted  in  Table 2b; 
for some of these polycyclic systems the value of x is not known experimen- 
ta l ly  and is d i f f icu l t  t o  estimate reliably. 
for  estimating the heats of fo  

experiment the error i n  x appears t o  be of the order of 10 t o  30%. 

Other energetic configurations tha t  

A quantum mechanical method 
ation of such molecules has recently been 

described by Baird and Dewar. 1Y In cases where it can be compared with 

The synthesis of most of the very highly strained hydrocarbons 
i l lustrated in Table 2b is d i f f icu l t  and involves many steps and expensive 
reagents. The very highly strained hydrocarbon, tetrahedrane, has been 
discussed for  many  years as a possible structure but has never been made; its 
estimated energy is so high that it would be thermodynamically u t a b l e  w i t h  
respect t o  dissociation into two molecules of acetylene. There is therefore 

1) See references a t  end of this section. 
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Table 2a. COMPARISON OF SQME )+-CARBON €M)ROCRBONS: STOICHIOMETRIC 

Estimated values of x are given in parentheses 

Name 

n- but ane 

butene - 2 

cyclobutane 

methylcyclopropane 

1,3 butadiene 

1,2 butadiene 

butyne - 2 
(dimethylacetylene) 

bicyc 1 obutane 

Reference Fuels 

RP-1 

Benzene 

a) At 25OC. 

Structure 

I3 C-CH=CH-CHS 

drocarbo&is 

I? 

2.50 

2.00 

2.00 

2.00 

1.50 

1.50 

1.50 

1.50 

1.9 
to 

2.0 

1.0 
- 

x, kcal/, 

-7.54 

-0.42 

1.60 

(1 .6 )  

6.58 

9.69 

8.74 

:13.0 2 0.7)  

at oma 1 

liquid. 

-8.83 

-1.72 

0.27 

(0 .3 )  

5.30 

8.50 

7.16 

(11.5 2 0.7 

-5.8 to -7. 

1.96 

I ~ P ,  secb) 
stoichiometric 

301.9 

303.8 

' 306.4 

306.4 

305.2 

309.8 

307.9 

313.9 

296.3 

288.6 

b) For combustion of liquid hydrocarbon at 25°C with LOX, expansion 1000 psia/l atm, 
shifting equilibrium, theoretical. 
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Table 2b. OTHER ENERGETIC HYDROCARBONS 

Estimated values of x are given in DarentheSeS to 
distinguish them from experimen&l values 

Name 

Bicycle( 2,2,0)hexane 

Bicycle( 3,1,O)hexane 

Spiro( 3,2)hexane 

Dispiro(3,1,3, 1)decane 

Bicycle( 2,1,0)pentane 

Bicycle( l,l,l)pentane 

spire( 2,z)pentane 

Dispiro( 2,1,2,l)octane 

Tricycle( 2,1,0, O'J ")pentant 

Cubane, C8 H8 

Tetrahedrane, C4 & 

Structure 

H 

H 
H$ -C 

HzC -C 

\ I I ,CH2 

H 
H2C -C 

HC I - +CH 

H 

A cube of carbon atoms 
with a wdrogen atom 
attached to each corner. 

A tetrahedron of carbon 
atoms with a wdrogen aton 
attached to each vertex. 

X 
teal fgm aton 

- 

0.183 

(4.3-4.8) 

5.96 

- 

7.66 

(6.3-7.2) 

- 

- 

17.4 

(25-36) 

r 

1.667 

1.667 

1.667 

~ 6 0 0  

1.600 

1.600 

1.600 

1.50~ 

1.333 

1.20c 

1. ooc 

1. ooc 

ynthesized? 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

NO 
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some doubt that it can exis t  a t  room temperature. The almost equally 
exotic hydrocarbon, cubane, has been made, however, and is relatively 
stable. Its synthesis is very lengthy and expensive. 

A very large number of possible energetic hydrocarbons can be 
visualized as combhatiom of the energetic p a p s  illwitrated in Tables 2a 
and - 2b. Some s 
cyclopropyl acetylene and dicyclopropyl ( cyclopropyl cyclopropane) . 
f o r  estimating the heats of formation of such combinations are discussed 
in Appendix 2. 

l e  examples of such combinations have been made, such as 
MetSlods 

C. Chemical Stability, General Considerations 

Hydrocarbons that  contain CarboBcarbon double bonds or t r i p l e  
bonds are capable of combining w i t h  each other t o  form polymers. 
process is usually accelerated by the presence of traces of oxygen, and may 
lead t o  the deposition of gummy deposits on heat-exchanger surfaces when the 
hydrocarbon is heated to  moderately high temperatures in the regenerative 
heat exchanger section of a rocket engine. 
knawn that  a t  low concentrations are capable of minimizing the formation of 
such deposits. 
under given conditions must usually be found by empirical t r i a l .  
hydrocarbons that  contain 3-carbon or  4-carbon rings can rearrange a t  high 
temperatures t o  new structures containing double bonds; hence th i s  class of 
energetic hydrocarbons is also l ikely t o  require the addition of inhibitors 
i f  they are t o  be used as rocket fuels. Some of the energetic hydrocarbons 
that contain s m a l l  strained ring structures are relatively stable with 
respect t o  both thermal decomposition and reaction with oxygen. Examples are 
spiropentane, in which two 3-carbon rings are linked by a common carbon atom? 
and dispirodecane, in which a series of three 4-carbon rings is linked by 
shared carbon atoms. 
are satisfactory are therefore attractive candidate rocket fuels; a search 
fo r  more economical methods t o  make them may be justif ied.  

This 

A number of 'finhibitors" are 

The most effective inhibitor f o r  use w i t h  a given hydrocarbon 
The strained 

Energetic members of th i s  class whose other properties 

Information available on the thermal s t ab i l i t y  of several classes 
of energetic hydrocarbons is summarized in Section VII. 

D. Properties of Standard Reference Fuel, RP-1 

We sha l l  compare the candidate hydrocarbons to a sample of the 
standard hydrocarbon fuel, RP-1, with the following arbi t rar i ly  assigned 
properties: Density p a t  25°C = 0.800 g/ml; r = 2.000; x = -7.056 kcal/g 
atom carbon. Actual samples of RP-1 can be expected t o  deviate s l ight ly  
from these values. For example, some properties derived from those quoted 
by Shell O i l  Company fo r  its fuel  UMF-A, which is intended t o  meet the 
specifications of RP-1, and those quoted by Pratt  and Whitney Corporation2) 
for  Rp-1 are compared below. 
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SOME PROPERTIES VARIOUSLY QUOTED FOR RP-1 

Shell  Prat t  and Whitney - 
Atom Ratio H/C 2 .ooo 1 * 9063 
Liquid Density, p g/ml a t  25°C 0.806 0 798 

Heat of Formation, kcal/gm atom C -6.68 -5 -94 
Heat of Combustion, kcal/g 10 035 10.28 

The specificatims quoted f o r  RP-1 i n  MILF-25576 include a 
specific gravity a t  6 0 " ~ / 6 0 " ~  between 0.801 and 0.815; this corresponds t o  a 
density a t  25°C between 0.798 and 0.812 g/ml. 
on composition c a l l  fo r  5.0$ nax VOX $ aromatics ami LO$ vol 4 olefins. If, 
as seems likely, most of the remainder is naphthenic, a value of r close t o  
1.90 seems not unreasonable. 
as 18,500 Btu/lb; this a t  r = 1-90 corresponds t o  a value of x of -5.72 
kcal/g atom of carbon. 

Similarly the specifications 

The net heat of combustion (minimum)is specified 

Since the properties arbi t rar i ly  assigned t o  our reference fuel  
are extreme fo r  RP-1, we shall  l i s t  also in our evaluation of candidate 
fuels performance figures f o r  a sample of RP-1 with the properties p (25°C) = 
0.805, r = 1.90 and x = -5.80. 

E. Properties of Some Energetic Hydrocarbon Fuels 

A number of properties are l i s t ed  in Table 3 for  two examples of 

The l a t t e r  are l isted 

The properties l i s ted  include carbon number n, 

the reference fuel  RP-1, fo r  a denser, higher-boiling kerosene RJ-1, and for  
a nuinber of known o r  conceivable pure hydrocar om. 

possible measures of merit. 
H/C atom ra t io  r, boiling point, melting point, density, molar enthalpies 
of formation, AHf, f o r  the vapor (g) and the liquid ( R ) ,  naolar enthalpies 
of vaporization, AHv and the value of x = AHf(R)/n. 
t o  water vapor and GO2 a t  25°C are also given in Btu/lb and Btu/gal. 

in  the order of decreasing booster load index a? which is one of several 

Net heats of combustion 
Some 

of the values given i n  the 
parentheses. 

* 
Other properties 

transfer coefficients are 
Section IV. 

Table are estimates; these are enclosed in  

such as viscosities, vapor pressures and heat- 
given fo r  some selected candidate fuels in 

Heats of formation of a number of C4?& hydrocarbons have recently 
been determined by Wiberg and P e a o g l i ~ . ~ )  
below; the i r  value fo r  bicyclobutaae compares well w i t h  our estimate which 
was made before these data bewne available. 

Their results are tabulated 

a) Defined as 100 (=/IO + Ap/po), where Ior po are respectively the 
specific impulse and propellant density fo r  RP-1 a t  stoichiometric 
O/F, and AI, &S are increments from these. 
single measure of this k 5nd is adequate t o  evaluate a hydrocarbon as 
a potential replacement for  RP-1. 

As discussed later,  no 
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mf(g), 25OC Nf (id 
COXIpOUIld kcal/gm mole (our estlmatei 

C yc lobut ane 
Methylenecyclopropane 48 . 0 + 0.4 

1-Methylcyclopropene 58.2 7 - 0.3 

37.5 2 0.4 

Bicyclo( l,l,O)butane 51.9 0.2 52 2 3 

F. References for  Section I1 

1) 

2) 

C. Baird and M.J.S. Dewar, J. Am. Chem. SOC. 5, 3966 (1967). 

Pratt  and Whitney Corp. Report No. NASA CR-54445, PWA FR-1443, 
issued September 1, 1965 under Contract WIS 3-4195. 

3) K.B. Wiberg and R.A. Fenoglio, J. Am.. Chem. Soc. 90, 3395 (1968). 
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SECTION I11 

PERFORMANCE CALCULATIONS AND CORRELATIONS FOR ENERGETIC HYDROCARBONS 

A. Specific Impulse Calculations 

We have calculated specific impulse, I, at a variety of oxygen/fuel 
ratios for  a number of hydrocarbons at both shifting equilibrium (E) and 
frozen equilibrium (F) expansions from a chamber pressure of 1000 psia to 
one atmosphere. These calculations were made by means of a NASA computer 
program1) that was supplied to us through the courtesy of Lewis Research Center. 
The general trends revealed by the calculations are described in this 
section. 
O/F ratio for a variety of energetic hydrocarbons are presented in Appendix 
1. Detailed performance parameters are shown for some selected candidate 
rocket fuels also in Section IV. 

Detailed curves showing performance parameters as a function of 

Specific impulse for expansion from 1000 psia to vacuum have also 
been calculated for most of these hydrocarbons but the results are not 
reproduced in this report; they are available on request. 

B. General Dependence of Specific Impulse on Heat of Formation x, 
Hydrogen/Carbon Ratio r, and Oxygen/Fuel Ratio, O/F 

O/F weight ratio is shown in Figure 1 for hydrocarbons with r = 1.00, 1.50 
and 2.00. 
kcal/gm atom C. For other hydrocarbons with r = 1.0 but lower values of x, 
the curve will have the same general shape but its maximum I(E) will be 
lower and will occur at a higher value of O/F. 
is shown by the aPProxmtelY straight line which slopes down and to the 
right. The arrow on the figure indicates the stoichiometric O/F ratio; it 
will be noted that for hydrocarbons with r = 1.0 and high values of x, the 
maximum specific impulse occurs on the oxygen-lean side of stoichiometric, 
whereas for those with low values of x, such as benzene [ I ( E )  max = 293.3 
see], the maximum impulse occurs at (O/F), = 2.228, on the oxygen-rich side 
of stoichiometric. 

The general shape of' the curves relating specific impulse, I(E) to 

For r = 1.00, the curve shown is for acetylene, with x = 24-59 

The locus of these maxima 

For hydrocarbons with H/C = 1.50, a similar behavior occurs but 
the curves are shifted to a higher O/F ratio. 
bicyclo (1,1,0) butane, with x = 11.5 kcal/gm atom C. 
as shown by the arrow on the figure, maximum I(E) occurs very close to 
stoichiometric O/F; other hydrocarbons with r = 1.5 but lower values of x 
develop their maximum impulse on the oxygen-rich side of stoichiometric. 
For r = 2.0, the curve shown is for a fictitious hydrocarbon with a value of 
x somewhat higher than that of cyclopropane (x = 2.13 kcal/gm atom). 
all born  hydrocarbons with r = 2.0, maximum impulse is developed at O/F 
ratios on the oxygen-rich side of stoichiometric. 

The curve shown is for 
For this hydrocarbon 

For 

1) See references at end of' this section. 
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Figure 1. SPECIFIC IMPULSE vs (O/F)w WITH LOX FOR HYDROCARBONS 
AT VARIOUS VALUES OF ATOM RATIO H/C = r 

1000 psia/atm 
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C. Propellant Density and Specific Impulse at Stoichiometric O/F 

Calculated performance parameters at the stoichiometric O/F ratio 
are given in Table 4 for 47 energetic hydrocarbons and for 3 reference 
kerosene fuels. 
values of density-impulse, p I (E) at equilibrium expansion. 
listed in Table 4 include fuel density p, heat of formation x per gram-atom 
carbon, H/- r, propellant density 'is, specific impulse (shiftin ) I(E) 
(1000 psia/atm), density-impulse '?j I(E), specific impulse (frozen) I f F), 
7 I(F), and oxygen/fuel ratio O/F by weight and by volume. 
energetic hydrocarbons for which reasonably straightforward synthetic 
routes are available, and for which the stoichiometric propellant densitiesex- 
teed 0 ~ 9 7  (RP-1 = l.Ol), those showing the highest values of I(E) (lb f* see/ 
lb) are 1,5 hexadiyne, 311.4; cyclopropyl acetylene, 311.1; spiropentane, 
310.2; 1,6 heptadiyne, 309 .l; 1,7 octadiyne, 307.5; cyclopropyl cyclopropane, 

The pure hydrocarbons are listed in order of decreasing 
Properties 

Among the 

306.4 (RP-1 = 296.3). 

Similar data are listed in Table 4a for the O/F ratio giving 
maximum impulse. 

Correlations between the stoichiometric specific impulse and 
specific heat of formation x at constant H/C ratio r are shown' in Figure 2 
for shifting equilibrium expansion and in Figure 3 for frozen equilibrium. 
These correlations can be described empirically by the following equations: 

I(E) (stoich) = 251.10 + 2.8905 x - 0.0149 x2 
+ r (39.932 - 1,0777 XI 
+ r2 (-6.217 + 0.1452 x + 0.0015 x") see 111.1 

I(F) (stoich) = 245.95 + 1.9025 x - 0.0077 xi! 
+ r (30.989 - 0.6862 x) 
+ r2 (-4.584 + 0.0969 x + 0.0004 x2) see 111.2 

where I(E) is specific impulse calculated for shifting equilibrium during 
expansion whereas I ( F )  is for frozen equilibrium. These expressions were 
developed from a regression analysis of specific impulse calculations for 
46 hydrocarbons ranging in H/C atom ratio r from 0.80 to 2.0 and in x from 
-7 to +24 kcal/gm atom. 
accurate outside this range. 
in I(E) between equation 111.1 and direct calculation was -0.28 see; the 
average absolute deviation was 0.053 see and the root mean square deviation 
was 0.104 see. The corresponding magnitudes for expression 111.2 are -0.16, 
0.048 and 0.073 see, respectively. 

The correlations can be expected to be less 
Within the range quoted, the maximum deviation 

Partial differentiation of these equations with respect to x 
yields 

&(E)/& (stoich) = 2.8905 - 0.0298~ - 1.077r 

&(F)/& (stoich) = 1.9025 - 0.0154~ - 0.6862r 
+ r2 (0.1452 + 0.0030~) 111.3 

+ r2 (0.0969 i- 0.0008~) 111.4 
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These expressions are useful Tor estimating the effect of a 
revised valsle of x (from a better estimate of the heat of formation) on the 
estimated value of I. 

Similarly, the oxygen/fuel weight ratio (O/F)w, the volume ratio 
(O/F)v, and the propellant density can be expressed at this stoichiometry 
on the basis of equation 11.1 and the density of LOX taken as 1.1425 gm/ml: 

1.1670 + 0.5835 r ) p  

1.000 + 0.0840 r 
(O/F)V = ( 

111.5 

111.6 

where p is the density of the hydrocarbonl The propellant density is 

D. Flame Temperatures at Stoichiometric O/F Ratio 

Calculated combustion-chamber flame temperatures are plotted 
against specific heat of formation x at constant r in Figure 4. 
plots are Shawn for throat temperatures in Figure 5 (shifting equilibrium) 
and in Figure 6 (frozen equilibrium). bit temperatures are shown in 
Figure 7 (shifting equilibrium) and in Figure 8 (frozen equilibrium) The 
data are shown only for r = 1.0, 1.5 and 2.0; temperatures for intermediate 
values of r can be estimated by interpolation. 

Similar 

E. Dependence of Maximum Specific Impulse on Fuel Parameters 

As indicated in Figure 1, the maximum specific impdlse, I m a ,  is 
generated for most hydrocarbon fuels at an oxygen/fuel ratio that differs 
from the stoichiometric one. Values of Imm are shown in Table 5. We have 
found that correlations similar to those shown in Figures 2 and 3 can be 
developed to describe the dependence of Imax on x and r. 
have been fitted to the following equations 

These correlatians 

Ima(E) = 269.54 + 1.296~ + 0 - 0 1 7 3 ~ ~  + r(23.84 - 0.0126~~) 
+ r2(-2.56 - 0.046~ + 0 . 0 0 2 9 ~ ~ )  111.8 

(O/F)w(at Imax(E)] = 2.121 - 0.03347~ 
+ r(0.1584 + 0.00969x + 0.000ogx~) 
+ r2(0.000086 - 0.00286~ + 0.0000149~~) 111.9 

Imm(F) = 252.25 + 1.253~ + 0 . 0 1 4 0 ~ ~  
+ r(25.17 - 0.095~ - 0 . 0 0 7 2 ~ ~ )  
+ r2(-2*61 + 0 . 0 0 1 2 ~ ~ )  111.10 

NASA-CR- 72438 -15- Figures 2 through 8 follow 
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(O/F)t,[at Im=(F)J = 1.6955 - 0.02372~ + 0.000016~~ 
+ r(0.3223 + 0.0000525~~) 
+ r2(0.0551 - 0.0002glx + o.oooo43~~) 111.11 

F. Specific Impulse of Some Energetic Hydrocarbons With LOX 

For the convenience of the reader, the more energetic hydrocarbons 
are listed in order of stoichiometric specific impulse (equilibrium 
expansion) in Table 5. 
Many of the lighter hydrocarbons with a high specific impulse have too low a 
density to yield a high density impulse. Examples are acetylene, allene, 
methyl acetylene and ethylene. More significantly, these low fuel densities 
in combination with the relatively low H/C ratio result in low values for 
the oxygen/fuel volume ratio at the stoichiometric O/F weight ratio. The 
range of these effects is illustrated in Figure 9, where relative specific 
impulse at stoichiometric (ratio of I(E) to that of RP-1) is plotted 
against the volumetric O/F ratio. 
I(E), relative to that of Rp-1 is plotted in the same way. 

O/F ratio of some of the low-density energetic fuels will increase the 
difficulty of adapting these fuels to an existing rocket engine; in addition, 
as discussed later, the low density of the fuel will tend to aecrease the 
mass-flow rate of fuel that can be delivered to the engine by a power-limited 
centrifugal pump. 
above the design value for W-1. 

Values of maximum specific impulse are also given. 

In Fipure 10 the density-impulse product, 
The low 

This in turn will tend to raise the O/F weight ratio 

1. Basis for Data in Tables 2 Through 5 

In appraising the performance data presented above, one should 
bear in mind that many  of the values used for the density and the heat of 
formation of the liquid hydrocarbons are estimates. 
estimates are given, of which the second is a rough guess at a lower limit 
to the heat of formation on the basis of an estimate of the uncertainties 
involved. The methods used to estimate the heats of formation and the 
density are described in Appendix 2. 
references to the sources of experimental data used in constructing Tables 2 

In some cases two 

Also listed in,Appendix 2 are the 

throwh 5 .  

G. Performance of Hydrocarbon Blends 

It may be desirable for a variety of reasons to use a mixture of 
two or more hydrocarbons rather than a single hydrocarbon as a fuel. 
example, the use of a mixture may permit a compromise on fuel cost or an 
adjustment of the physical properties of the fuel. 
desired to operate at close to the ltstoichiometricll ratio of oxygen to fuel 
and yet to adjust the volumetric ratio of oxygen to fuel to a value close 
to that already chosen for W-1. In this connection it is interesting to 
note that the value of (O/F), at llstoichiometricff is higher for SHELLDYNE 
than for RP-1 but is lower for such high-impulse fuels as bicyclobutane, 
bicyclopentane and spiropentane. 
required value of (O/F)v with a mixture of two fuels at constant 
stoichometry is 

For 

In addition, it may be 

The condition that must be met to match a 

(O/F) = Xl(O/F)l + (1 - Xl>(O/F), 

NASA- CR- 72438 - 16- 



Table 5. SPECIFIC IMPULSE VALUES FOR SOME 
ENERGETIC HYI>ROCARBONS 

Tetrahedrane 
Acetyleneb ) 
1,k-Pentadiyne 
Cubane 
hlleneb) 
~icyclo~mtaneb) 
Methylacetyleneb ) 
Met hylcubane 
1,S-Hexadiyne 
Etliyleneb) 
Cyclopropylacetylene 
Dimethylcubane 
~piro( 2,e)pentane 
Tricyclo ( 3,1,O, $1 4, hexane 
1,6-Heptad iyne 
Cy clopr opaneb ) 
Dimethylacetylene 
Dispiro( 2,1,2,1) octane 
Bicyclo(2,1,0)pentane 
1,T-Octadiyne 
Spire( 3,211iexane 
Dicyclopropylacetylene 
1-Methyltricyclo( 3,l,O,$t *>- 

Cyclobuteneb) 
Cyclopropylcyclopropane 
Cyclobut aneb) 
PIethylenecyclobut ane 
RP-1 
a) Calculated for Shifting E 

hexane 

psia/atm. 

Calculate@ I W i t h  

327-320 
324.9 
314.9 
314.8 
314.1 
313.9 
313.2 
312.4 
311.4 
311.3 
311.1 
310.7 
310.2 
309.1 
309.1 
308.9 
307 9 
307.9 
307.9 
307.5 
307.4 
307.3 

307* 0 

306.3 
306.4 
36.3 

2%*3 
306. 0 

ilibrium, expansion 100 

b) For liquid fuel at boiling point. 

NASA- CR- 72438 -17- 

Maxim 

329-322 
326 . 2 

314. 9 
314.8 
314.2 
313.9 
313.2 
312 . b 
311.5 
311.5 
311.3 
310.8 
310.4 
309.4 
309.4 

308.3 
308.3 
308.3 
308.0 
307.9 
307 8 

307.6 

307.3 
307 1 
307 . 2 
299.1 

309 . 4 

306.7 

-- 



KEY TO FIGURES 9 AND 10 

1. ~piro(4,3)octane 

2. Quadricyclene 

3. Dispiro(3,l,g,l)decae 

4. Dispiro (2,1,2,1) octane 

5 .  

6. 

7 .  

8. 

10 * 

11 

12. 

13 * 

14. 

15  

16. 

S 

Tricyclo(3,1,0, 02> 4)hexane 

Dicyclopropylacetylene 

Spiro(3,2)hexane 

Cyclopropylcyclopropane 

Bicyclo( 2,1,O)pentane 

1,7 Octadiyne 

Spiro( 2,z)pentane 

Bicyclo( l,l,O)butane 

Cyclopropylacetylene 

Isopropenylacetylene 

Methylacetylene 

Allene 

SHELLDYNE 

NASA- CR- 72438 - 18- Figures 9 and 10 follow 
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where x1 is the volume fraction of fuel 1 in the blend and (O/F), is its 
oxygen/fuel ratio at the desired stoichiometry. 
as for RP-1 at "stoichiometric" with blends of SHELLDYNE (1.822) and 
bicyclopentane (1.452) or spiropentane (1.385) would require volume fractions 
of 0.65 bicyclopentane or 0.55 spiropentane in the blended fuel, on the 
basis of assuming no change in volume on mixing. 

Thus to match (O/F)v = 1.58 

For the reasons given above, we have calculated the performance of 
some blends of SHELLDYNE with the low-density high-impulse fuels bicyclo- 
butane or bicyclopentane. The calculations were made with the assumption, 
which is certainly not precise, that the fuels mix without change in volume. 
For lrstoichiometricll conditions, the calculations were made by means of 
equations 111. 1-7; for maximum impulse conditions they were made by means 
of equations 111. 8-11. 

The results are given in Table 6; some of them are displayed in 
Figures 11 and 12. As shown in Firmre 11, the blending law for specific 
impulse displays a slight positive deviation from linearity whereas that 
for density-impulsen(Figure 12) shows a slight negative deviation. 
index of the form I 5, with n greater than unity, would therefore be 
expected to exhibit a still more nearly linear blending behavior. 
shall see in the next section, however, a single merit index of this 
kind is not adequate to assess the merit of an unusual hydrocarbon fuel 
as a replacement for RP-1; the density of the fuel itself and the oxygen/fuel 
ratio for combustion must also be taken into account. 

A merit 

As we 

H. References for Section I11 

1) NASA Technical Note D-1454(1%2) and D-1737(1963) by S .  Gordon 
and F.J. Zeleznik, Lewis Research Center: "A General IBM 707 or 
7090 Computer Program for Chemical Equilibrium Compositions, Rocket 
Performance and Chapman-Jougouet Detonations." 

- 19- Table 6 and Figures 
11 and 12 follow 
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SECTION IV 

PEEEORMANCE PROPF3iTIES OF SOME CANDIDATE ROCKET FUELS 

A. Specific Impulse Curves for Some Candidate Fuels 

Specific impulse I(E) for equilibrium expansion, 1000 psia/l atm, 
is shown in Figure 13 as a function of oxygen/fuel weight ratio, (O/F), for 
the energetic fuels bicyclobutane, bicycle( 2,1,0)pentane, spiropentane, 
1,5-hexadiyne and 1,7-octadiyne in comparison with the standard fuel RP-1 
and the dense fuel SHELLDYNE. Also shown by means of an arrow on each 
curve is the O/F ratio for "stoichiometricfl combustion. Similar plots 
against the volumetric ratio, (O/F),, are shown in Figure 14. 
this kind for all the hydrocarbons considered are collected in Appendix 1, 
including both frozen and equilibrium expansion calculations 

Curves of 

B. 
Booster Rockets: 

Problems in the Application of Specialized Hydrocarbon Fuels to Existing 
Effects of H/C Ratio and of Density 

A major problem in the utilization of a new hydrocarbon fuel in 
an existing booster rocket engine is that the design of the engine is 
tailored to the properties of the standard kerosene fuel, RP-1. 
with different density, vapor pressure and viscosity from RP-1 will behave 
differently in the pumps, flow channels and heat-exchanger sections of 
the engine. In addition, if it differs in composition from RP-1, as in 
general it will, it will have to be burned at a different oxygen/fuel ratio 
from that used with RP-1. A detailed consideration of the influence of the 
physical properties of the fuel on its pumping and flow behavior is beyond 
the scope of this report. 
trends to be expected are offered below. 

A new fuel, 

Some qualitative considerations of the general 

The major basic problem in the use of high-energy hydrocarbons in 
existing rocket engines is posed by the fact that, with the exception of 
cyclopropane, cyclobutane and the mono-olefins, all of these hydrocarbons 
have a lower hydrogen/carbon atom ratio r than does Rp-1. 
case, the stoichiometric oxygen/fuel weight ratio will be lower than it is 
for RP-1, in accordance with the equation 

When this is the 

IV.1 

This means that if the pumping rate of fuel in ??ounds/sec is held constant, 
the pumping rate of oxygen will have to be decreased. As a consequence, 
the mass-flow rate of propellant will decrease and this will result in a 
decreased thrust that will partially or may even completely eliminate the 
advantage of higher specific impulse. This effect can be compensated, of 
course, by increasing the mass-flow of fuel, but the possibility for doing 
this by minor alterations of the plumbing is limited; a more substantial 
increase in the mass-flow of fuel would require a more powerful or a 
supplementary fuel pump. 

NASA- CR- 72438 - 20- Figures 13 and 14 follow 



Figure 13. SPECIFIC IMPULSE vs (O/F), FOR SOME CANDIDATE FUELS 
1000 psia/atm 
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The magnitude of these effects of the H/C ratio is illustrated 
in Table 7a, relative to an RP-1 with H/C equal to 1.90. 

H/C Rat io ,  r 

CO/F)W 
Rela t ive  a t  constant  ibi j )  
Rela t ive  4 a t  constant  b 
Rela t ive  F a t  constant  (IC) 
Relative F a t  constant  md) 

Table 7a. EFFECT OF H/C RATIO ON STOICHIWlfiT'RIC OXYGEN/FUEL RATIO 
AND ON MASS-FLOW RATES 

1.00  1.25 1 .50  

1.845 1.961 2.072 
0.8775 0.9133 0.9337 
1.066 1.0442 1.0253 
1.215 1.143 1.0821 
1.140 1.095 1.0554 

2.283 
1.0126 
0.9945 
0.9821 
0.9875 

a )  Rela t ive  mass-flow of propel lan t  a t  constant mass-flow of f u e l .  
b )  Rela t ive  mass-flow of propel lant  a t  constant  mass-flow of oxygen. 
c )  Relative mass-flow of f u e l  a t  constant  mass-flow of oxygen. 
d )  Rela t ive  mass-flow of f u e l  a t  constant mass-flow of propel lant .  

It will be observed that if the H/C ratio does not fall below 1.5, 
only a relatively modest increase in the mass-flow of fuel is required to 
maintain constant mass-flow of propellant. 

The problem discussed above will be aggravated if the fuel not only 
has a lower H/C ratio than does RP-1 but also has a lower density. 
so because the mass-flow of fuel in the highly turbulent flow regimes of a 
rocket engine will be determined primarily by the density of the fuel and 
will not be very sensitive to the viscosity. 

This is 

If the hardware, power available for pumping fuel and pump 
efficiency are held const 

The effective density will be a suitably weightedlaverage over the path of 
the fuel from pump to nozzle, taking account of the variations in pressure 
and temperature along that path. Thus, if no changes are made in hardware, 
the oxygen/fuel weight ratio, (O/F)w, will be changed from that used with 
the reference fuel (density po) in the ratio (Po/pe) 2/3. For most of the 
high-energy fuels, the density p is less than that of RP-1; thus the (O/F)w 
ratio delivered by the unaltered engine will tend to be higher with the 
specialty fuel than with the standard RP-1. 
just seen, the stoichiometric O/F mass ratio for most of these fuels is less 
than that of W-1. 

t, the mass-flow rate of fuel can be expected to 
vary approximately as Pe2 T 3, where pe is the effective density of the fuel. 

On the other hand, as we have 

The magnitude of these effects is illustrated in Table 7b where we 
have compared the stoich'ometric (O/F)w for various candidate fuels with the 
quantity 2.24 (0.803/p)'7~. This comparison is based on an assumed value 
of 2.24 for the stoichiometric O/F ratio and 0.803 for the density of RP-1; 
slightly different values would characterize an RP-1 for which H/C were 
closer to 2.0. 
effects of temperature and pressure in the engine, since the calculation is 

The densities p of the fuels have not been corrected for the 

NASA- CR- 72438 -21- 



in any case an approximate one. 
show that in order to achieve a stoichiometric O/F ratio, the 
flow rate of fuel w i l l  require an enhancement that ranges from 474 for 
dispirodecane to 25% for 1,5-hexadiyne. 
which delivers a relatively low specific hpulse, is there an indication 
that the flow of fuel might require throttling; this might be provided 
automatically by the relatively high viscosity of this fuel. 

One possible measure to increase the mass flow of fuel is to 

The figures in the last c o l m  of the table 
ttnatural't 

Only for the dense fuel SHELLDYNE, 

increase its density by blending with a dense component such as the hydro- 
genated such as SHEDYNE-H. 

Table 7b. CcblpARISON OF STOICHICklETRIC QXYGEN/FUEL MASS RATIOS 
WITH THOSE E S T W E D  FOR DENSITY-LIMITFD MASS-FLOW OF FUEL 

Fuel 
O/F Mass Ratios 

Bicyclo(l,l,O)butane 
Bicyclo(2,lY0)pentane 
Spiro(2,2)pentane 
1,5-Hexadiyne 
1,7-Octadiyne 

Dispiro(3,1,3,l)decane 
Dispiro( 2,l , 2,1 )octane 

SIiFBXDYNE-H 

RP-1 

0.750 
0.785 
0.749 
0.794 
0.808 
1.09 
0.847 
0.846 
0.803 

2.071 
2.114 
2.114 
1.844 
1.959 
1.977 
2.114 
2.071 

~ 2.24 

2.35 
2.28 
2.35 
2.27 
2.23 
1.83 
2.17 
2.17 
2.24 

Ratio I 6j'3 

0.985 
0.955 
0.993 
1.004 

1.036 
1.05 1.036 
1.00 1.000 

Though the use of such a blend would decrease the specific impulse attainable 
from the propellant, this loss in performance would be compensated, at least 
partially, by an increase in the attainable mass-flow of propellant. 

C. ,Effects of Fuel on Thrust and Payload 

We shall assume that to provide adequate stability during lift-off, 
the thrust generated by a booster must exceed the weight to be lifted by at 
least 20%. 
&I = 1.20 M, where rb is the mass-flow rate of the propellant. The mass M 
consists of the burnout mass Mo, plus the initial mass V,p of propellant, 
where Vo is the initial volume of propellant. 
that can be achieved under these conditions is 

Thus we define the maximum mass M that can be lifted by 

Thus the maximum burnout mass 

Mo = Iq1.20 - VOT IV.2 

When the fuel is changed, all of the parameters in this equation, 6, I, 
Vo and 7 may change also. 

In order to make our examples more specific, we will choose as our 
base case stoichiometric operation with RP-1, with I at its calculated 
equilibrium expansion value of 296.3 see. We take & = 5000 lb/sec, and a 
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burnout time of 150 see. 
tankage VO = 7.4 x lo5 lb ml/gm. 
4.85 x lo5 lb. 

Thus VOT = 7.5 x lo5 lb and the propellant 
Then the maximum burnout mass Mo is 

For comparison of the potential performance of the special fuels 
with that of RP-1 we have based our calculations on the calculated specific 
impulse I ( E )  for equilibrium expansion at the stoichiometric O/F ratio; this 
choice is based on the concept that the hydrodynamic inefficiencies and the 
departures from equilibrium during expansion are likely to be similar for 
all of these hydrocarbons, so that relative values based on calculated 
values of I ( E )  should not be too greatly in error. We have not only 
compared the relative values of the burnout mass Mo that can be accelerated 
under the lift-off requirements described above, but have also compared 
idealized values of the velocity vb attained at burnout of the booster. 
These idealized values of Vb were calculated for vertical flight through a 
frictionless atmosphere at a constant pressure and constant mass-flow fi of 
propellant; no allowance was made for change of specific impulse with 
altitude. Under these conditions the equation for Vb is well known to be 

IV .3 

We first compare relative performance at the same mass-flow rate 
of propellant for all fuels. 
mass-flow of fuel is greater for a hydrogen-deficient fuel than for RP-1. 
Assuming that this can be achieved, the results are presented in Table 8. 
The first two columns show the stoichiometric propellant densities and 
calculated values of I(E). 
mass-flow of fuel must be increased to achieve constant & while maintai ing 

where po is the density of RP-1; this factor is a measure of the tendency 
of the mass-flow of the fuel to fall below that of RP-1 at constant pumping 
power and flow geometry. 
the preceding two columns; it presents an approximate measure of the 
difficulty of achieving constant mass-flow of propellant. 

As discussed above, this requires that the 

The third colurnn shows the factor by which the 

the stoichiometric O/F ratio. The fourth column shows the ratio (p/po> 273 , 

The fifth column shows the ratio of the entries in 

The sixth column shows the relative maximum burnout masses that 
can be lifted by the various fuels under the restrictions of the assumed 
criterion for guidance stability; the seventh column shows the corresponding 
idealized velocity Vb achieved at burnout. 
assumed that a constant vb is required; this can be achieved by decreasing 
the burnout Mo. 
under this constraint. 

For the eighth column we have 

The column shows the relative values of Mo calculated 

Of the fuels considered in Table 8, the easiest to adapt in terms 
of fuel flow to a rocket engine designed to burn RP-1 are dispirodecane, 
which has been synthesized, and dispirooctane, which has not. The latter 
is estimated to provide a potential increase in Mo of 7.5% at maximum 
lift and 6% at constant burnout velocity. 
is provided by bicyclobutane, with an increase in Mo of 20$ at maximum lift 
and nearly 8$ at constant burnout velocity. 
to prepare, however, and also, because of its low density and relatively 
low boiling point, may be less easily adapted to an existing engine. Of the 

The highest potential performance 

This hydrocarbon is difficult 
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energetic hydrocarbon whose chemistry of preparation is well enough known 
to provide a basis for  the development of a production process, spiropentane 
and 1,7-octadiyne present intermediate gains in Mo and intermediate problems 
of adaptability. 

M a n y  other modes of operation can of course be considered. One 
possibility is to leave the fuel-pumping system unchanged, and to compensate 
for the lower mass-flow of fuel by throttling the mass-flow of oxygen to 
achieve a stoichiometric O/F ratio. We have made calculations for this case 
also, assuming that the mass-flow of fuel was proportional to the 2/3 power 
of its density. 
partitioned in accordance with the stoichiometric O/F ratio, we found a 
very small increase in Mo was predicted for dispirooctane but a decrease for 
a l l  other fuels. Another alternative was to leave the fuel and oxygen 
tankage unchanged from present design and to fill the fuel tank completely 
but only part-fill the oxygen tank in order to maintain the O/F ratio. 
This procedure results in a decrease of the total mass of propellant 
available for acceleration. With this option, increases in No were 
predicted to be 6% for bicyclobutane, 5% for bicyclopentane, 7% for spiro- 
pentane, 5% for dispirooctane, 276 for dispirodecane and zero or  negative for 
the other fuels of Table 8. 
cases by decreases in the burnout velocity vb: 
for  bicyclopentane, 13% for  spiropentane, and 2% for dispirooctane; a gain 
of 19 was calculated for dispirodecane. 
payload is to be achieved by the use of these energetic hydrocarbons, means 
must be found for enhancing the mass-flow of fuel through the engine. 

In this case, with the propellant tankage full and 

These gains in Mo were accompanied in most 
12% for bicycl’obutane, 7% 

We conclude that if increased 
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SECTION V 

PHYSICAL PROPERTIES OF SOME CANDIDATE FUELS 

A. Methods of Estimation 

Some! physical properties that  are relevant t o  considerations of 
f lu id  flow and heat transfer have been estimated or assembled from the 
l i terature  for six energetic hydrocarbons, SHELLDYNE and the reference fuel  
RP-1. For RP-1, values for  the thermal conductivity and specific heat were 
taken i n  part from a report by Pratt  and Whitneya) and i n  part from computer 
estimates as described la ter .  
several temperatures were taken from various sources for  RP-1 and extra- 
polated t o  cover the indicated temperature range. 
spiropentane up t o  560'R was taken from the resul ts  of a s udy of the thermo- 

polated t o  higher temperatures. 
of various l i t e ra ture  data as  follows: 

Representative densities and viscosit ies a t  

The heat capacity of 

dynamic properties of that  substance by D. W. Scott e t  a1 2f and was extra- 
For the terminal diacetylenes, use was made 

Density and refractiv index data for  several d i  e s  have been 
masured by Henne and Greenlee'T and by Hayman and Weiss; 4Y these values are 
shown i n  Table 9 together w i t h  our own estimates of the lnost l ikely values 
on the basis of correlations between molecular volume and the number of CH2 
groups i n  this series of compounds. The refractive indices given by Hayman 
and Weiss may be too low by 0.0003 since the value they report for benzene 
is  low by that amount and a s i m i l a r  difference occurs between their value 
for  the nonadiyne and that given by Henne and Greenlee. The l a t t e r  authors 
purified their samples very carefully; their data fo r  the heptadiyne are 
preferred for  that reason. 

Table 9a. SOME PROPERTIES OF THE LINEAR TERMINAL DIACETYLENES 

O u r  estimates in  parentheses. 

Compound 

1 , 4-Pentadiyne ' 55 
1,5-Hexadiyne 88 

1,6-Heptadiyne 111.5 

1,7-Octadiyne 139 

1,8-Nonadiyne 162.0 

a) H. J. H. Hagman a 

(0.787) 
0.8000 

0.8051 
0.8046 
0.8051 
0.8123 

(0.799) 

0.8158 I (0.813) 
0.8158 (a) 

L S. Weiss, J. Chem. Phys. 

I 

I 

1.4410 

1.4462 

1.4487 
- 2, 3701 (1965). 

b) A. Henne and K. W. Greenlee, J. Am. Chem. SOC. 67, 484 (1945). 
c )  Value chosen f o r  this work. 

vM20 , 
cc/mole 

97.64 
(97.8) 
114.43 

130.69 

147.3 

a) See references a t  end of t h i s  section. 
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Kinematic viscosi t ies  for  1,6-heptadiyne ov r the temperature range 
-69 t o  22°F have been reported by Happel and Marsel. ST In  order t o  extrapolate 
these data t o  other m e m b e r s  of the series we obtained a laboratory sample of 
1,7-octadiyne from Farchan Research Laboratories. The sample as  received was 
a water-white l iquid with a s l ight ly  unpleasant odor; i ts  density as measured 
here a t  25.0'C was 9.8211 g/ml and kinematic viscosi t ies  a t  25°C and 5OoC, 
respectively, were 1.323 and 0.898 centistokes. 
tha t  the sample was impure; a rough d i s t i l l a t i m  through a vigreux column 
yielded 4 fractions plus a low-boiling fraction ( c a  6$) and a high-boiling 
bottoms fraction ( c a  12$). No attempt was made t o  exclude oxygen during the 
dis t i l la t ion.  
which deepened t o  orange as the bottoms became concentrated. 
that  some polymerization occurred during the d is t i l l a t ion .  
fractions were water-white and had the odor of the original samples. 
Densities of the fractions collected were measured with the following results. 

The high density suggested 

The boiling liquid was observed t o  develop a yellow color 

The volat i le  
It is l ikely 

Fraction 1 (24%): 
Fraction 2 (23$): 
Fraction 3 (20%): 

Fraction 4 (14%): 

TB 135.5-136.5"~; p (25") 0.813 g/ml 
TB 136.5-137.0; p (25') 0.814 
TB 137.0-137.5; p (25") 0.817 
TB 137.5-139; p (25") 0.822 

The thermal expansion coefficient of fraction 2 was found t o  be approximately 
1.1( 3) x This value was used, with l i t e ra ture  
densities a t  20°C, t o  obtain the density a t  25°C in  Table 6; the estimates of 
p ( 25") for  the other diynes were made by an empirical correlation between 
boiling point and fractional change i n  density using t h i s  datum and data for  
monoacetylenes cited i n  the reports of API Project 44. 

between 25" and 35°C. 

It  is  clear tha t  our sample of the octadiyne contained an impurity 
with a higher density and a s l ight ly  lawer vo la t i l i t y  than tha t  of the pure 
material. In  view of the limited scope of t h i s  contract, the nature of t h i s  
impurity was not investigated further; from i ts  properties and the probable 
method of preparation, it is  very probably 6-bromohexyne-1. The viscosit ies 
given for  the terminal diynes in t h i s  section are based on the information 
assembled above together with empirical regular i t ies  observed i n  homologous 
series of other l inear hydrocarbons. 
the octadiyne was changed grossly by the small amount of impurity present. 

It is not l ikely that  the viscosity of 

The properties given for  SHELLDYNE are based on proprietary 
information. 
made on the basis of molecular structure and boiling point; the estimates 
were made by means of a computer program developed locally in  which the 
correlations are based on the law of corresponding s ta tes  and a local modifi- 
cation of a computer prograrn developed by the American Inst i tute  of Chemical 
Engineers. 
data for  homologous series of hydrocarbons with related structures. 
resulting data are of l i m i t e d  re l iab i l i ty ,  especially f D r  dynamic properties 
such as  thermal conductivity and viscosity. 

The remaining properties given i n  t h i s  section are estimates 

These estimates were in  some cases by comparison with experimental 
The 
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B. Data 

I- 

Temp, 
"F 

_u 

0 
40 
80 
160 
240 
320 
400 
440 
480 
560 

Estimated values i n  engineering units for the viscosity a t  sat-  
uration pressure and for the density, specific heat and thermal conductivity 
a t  1000 psia are shown i n  the following figures for  the liquids as  a function 
of temperature. 

e 15; s i m i l a r  comparisons are made for  the terminal diacetylenes i n  
Bicyclobutane and bicyclopentane are compared with RP-1 i n  

Rgik e 1 and for  spiropentane and SHeLLDyNE in  Figure 17. 

Numerical values are given in  Tables 10 t o  16 for the molecular 
weight, freezing and boiling points, c r i t i ca l  constants (estimates) and 
estimated values for  the viscosity, heat of vaporization, vapor pressure and 
surface tension over a range of temperatures a t  saturation pressures. It  
should be re-emphasized tha t  these values are estimates; if a serious interest  
develops in  the i r  accurate knowledge, they w i l l  need t o  be determined 
experimentally. 

. -- _1_1_--- I_-. 

Heat of Vapor Surface 

psia 
Viscosity, Vaporization 

0.092 
0.002 0.085 
0.007 0.078 

0.562 0,051 
2.83 0.038 
11.2 0.026 
20.9 0.020 
37.6 0.015 
117 0.006 

0.080 0.064 

Ib\ mass ) /f hr B t u / l b  
--_y_-- -- 
15 163 3 
7.4 159 2 
4.l( 5) 155 * 0 
2.00 145.8 
1.20 135 7 
0.80 124.1 
0.56 110 
0.47 102 
0.39 93 
0.28 68 ------ ---__LI_--- 

It would have been desirable t o  make estimates also for dispiro- 
octane and dispirodecane, but interest  in  these compounds developed too 
l a t e  in  the course of this work. 

Table gb. SOME ESTIMATED PROPERTIES OF LIQUID RP-1 

Liquid a t  Saturation Pressure 

Molecular Weight: 170 Critical Temp, OF: 622 
Freezing Point, OF: -52 (760)') 
Boiling Point, OF: 417 Crit ical  Pressure, psia: 301 a) 

Cri t ical  Volume, ft3/lb: 0.0620 
(315) 

( o.060)a) 

- 28- Figures 15 through 17 follow 
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Temp, 
"F 

40 

80 

160 

240 

320 

400 
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480 

560 

640 

720 -- 

Table 10. SOW ESTIMATED PROPEFITIZS OF 
LIQUID "SHELW3!NEt', CtdHra 

Liquid at Saturation Pressure 

Molecular Weight: 
Freezing Point, OF: 

Boiling Point, OF: 

gsia: 
Critical Temp, OF: 
Critical Pressure, 
Critical Volume, f t  /lb: 
Acentric Faotor: 

18k.3 
<-5 
488 
802 
330 
0.0561 
0 835 

Heat of 
Vapor io  at ion, Viscosity, 

lbjmass)/ft hr Btu/lb 

123 135.1 

143 S 1%. 7 

12.2 1.71.6 

5.50 126.5 

2.61 120.9 

1.41 114.7 

1.07 111.5 

0.844 108.0 

100.6 I 0.573 

0.J4.24 q2.0 

0.318 82.0 

Vapor 
Pressure, 

psia 

O.OO0 

0 . m  

0 * 014 

0.173 

0.gSrO 

3.72 

6.68 

11.3 

27.8 

58.8 

110.6 

Surface 
Tension, 
poundal/ft 

0.037 

0.083 

0 * 073 

0.064 

0.056 

0.047 

0.0k3 

0.039 

0.031 

0.023 

0.016 
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Temp, 
O F  

40 

80 
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560 

Table 11. SOME ESTIVATED PROPERTIES OF 
LIQUID 1,5-HEXDIYNE, Cas 

Liquid a t  Saturation Pressure 

Molecular Weight: 78.U 
Freeaing Point, OF: 24.8 
Boiling Point, OF: 189 
Cri t ical  Temp, OF: 570 
Critical  Pressure, psia: 580 
Critical  Volume, ft3/lb: 0.0603 
Acentric Factor: 0.173, 

Viscosity, 
lb( mass) / f t  h r  

1.33 

0.94 

0.55 

0.36 

0.26 

0.20 

0.18 

0.14 

0.12 

NASA- CR- 72438 

Heat of 

I 

201 

195 

182 

168 

151 

130 

118 

81 

42 I 

0.62 

1.78 

9715 

30.9 

79.2 

169 

235 

422 

550 

-30- 

Surf ace 
Tension, 

poundal/f t 

0.064 

0 059 

0,047 

0.036 

0.026 

0.016 

0.011 

0.004 
I 

0.0004 1 



Temp, 
O F  

0 

40 

80 

160 

240 

320 

400 

440 

520 

600 
--. 

Liquid a t  Saturation Pressure 

Molecular Weight: 
Freezing Point, O F :  

Boiling Point, OF: 

Critical Temp, OF: 

Critical  Pressure, psia: 
Critical Volume, ft3/lb: 
Acentric Factor: 

92.14 
-119 
234 
620 
510 
0.0607 
0.178 

Viscosity, 
lb( mas) / f t  hr 

3.86 

2.32 

1.54 

0.85 

0.53 

0.3'7 

0.27 

0.24 

0.19 

0.16 

Heat of 
Vaporization, 

Btu/lb 

194 

189 
184 

173 

161 

147 

131 

121 

97 

53 

Vapor 
Pressure, 

psia  

0.06 

0.24 

0.73 

4.33 

16.1 

44.4 

99.8 

141 

261 

446 

. 
Surf ace 
Tension, 

poundal/f t 

0.070 

0,064 

0 059 

0.048 

0.038 

0.029 

0.020 

0.015 

0.008 

0.0011 
_I 

-31- 
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Table 13. SOME ESTIMATED PROPERTIES OF 
LIQUID 1,7-CCTADIYNE, C& 

Liquid a t  Saturation Pressure 

Molecular Weight: 106.17 
Freezing Point, OF: -7.6 
Boiling Point, OF: 282 
Cri t ica l  Temp, "I?: 682 

Acentric Factor: 0.185 

Cr i t ica l  Pressure, psia: 450 
Cri t ica l  Volume, ft3/lb: 0.0610 

Viscosity, 
lb( mass)/ft hr 

7.7 

4.0 

2- 5 

1.28 

0.77 

0.54 

0.39 

c .34 

0.27 

0.22 

0.20 

psia 
--e- 

------___I-- 

0.045 

0.156 

0.445 

' 2.36 

8.41 

23.0 

52.6 

75.5 

145 

258 

340 
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Surf ace 
Tension, 
poundal/f t 

0.070 

0.065 

0.060 

0.051 

0.041 

0.032 

0.024 

0.020 

0.012 

0.005 

0.002 
---_I 



Temp, 
O F  

40 

80 

120 

160 

200 

240 

280 

320 

Li9ul.d a t  Saturation Pressure -- 
Molecular Weight: 54 09 
Freezing Point, OF: - 
Boiling Point, OF: 46.9 
Crit ical  Temp, OF: 358 
Cr i t ica l  Pressure, psia: 670 
Cri t ica l  Volume, ft3/lb: 0.0654 
Acentric Factor: 0.155 

Viscosity, 
lb(mass)/ft hr 

0.96 

0.61 

0.41 

0.26 

0.17 

0.12 

0.08 

0.05 

Zeat of 
Vaporization, 

B tu/lb 

Vapor 
Pressure, 

psia 

193 

183 

172 

161 

148 

132 

113 

12.7 

27.5 

52.8 

92.4 

150 

232 

343 

489 

Surf ace 
Tens ion, 
poundal/ft 

0.044 

0 037 

0.030 

0.024 

0.018 

0.013 

0.008 

0.003 

-33- 
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rem?, 
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40 

80 

120 

160 

200 

240 

280 

320 

360 

400 

440 --- 

Viscosity, 

Table 15. S o i a  ESTIMkTED PROPERTIES OF 
BICYCLOPENTANE, (25% 

Heat of Vapor 
Vapor ieation, Pressure, 

Liquid at Saturation Pressure_ 

Molecular Veight : 68.1 
Freezing Point, OF: - 
Boiling Point, O F :  114 
Cr i t ica l  Temp, Or":  446 
Cr i t ica l  Pressure, psia: 615 
Cr i t ica l  Volume, ft3/lb: 0.0623 
Acentric Factor: 0.205 

lb(mass)/ft hr Btu/lb psia 

1.30 

0.87 

0.62 

0.46 

0.33 

0.22 

0.16 

0.11 

0.08 

31.8 

56 

93 

145 

214 

Surf ace 
Tens ion, 

poundal/ft 

0 4 053 

0.046 

0.040 

0.034 

-_. 

0.029 

0.023 

0.018 

0.013 

0.008 

0.05 82 430 j 0.004 

0.025 38 590 ! 0.0003 
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Liquid a t  Saturation Pressure 

Molecular Weight: 68.12 
Freezing Point, OF: -160.7 
Boiling Point, OF: 

Crit ical  Temp, OF; 

Crit ical  Pressure, gsia: 660 
Cri t ical  Volume, ft /lb: 0.0586 
Acentric Factor 0.129 

Temp, Viscosity, 
O F  lb(mass)/ft hr 

Heat of Vapor Surface 
Vaporization, Pressure, Tension, 

B tu/lb psia poundal/f t 

0.184 

0.884 

3114 

8.92 

21.2 

44.3 

144 

361 

539 

NASA-CR-72438 -35- 



Table 17. SOME PROPERTIES OF %HELLDYNE" H 
(HYDROGENATED "SHELLDYNE "1 

Freezing Point, O F  ea+( a) 

Boiling Range, O F  509-526 

Density, 25"C, gm/ml 1.07 

Kinematic Viscosity, CS 

212 "F 3.19 

68°F 26.2 

Heat of Combustion, BTU/lb 18,000 

C. References for  Section V 

1) 

2) 

3) 

4) 

5 )  

Pratt  and Whitney Corporation Report NASA-CR-54445, &A FR-1443, 
Contract NAS3-4195, issued September 1, 1965. 

D. W. Scott e t  a l ,  J. Am. Chem. SOC. - 72, 4664 (1950). 

A. Henne and K. W .  Greenlee, J. Am. Chem. Soc. - 67, 484 (1945). 

H. J. H. Hayman and S. Weiss, J. Chem. Phys. - 42, 3701 (1965). 

J. Happel and C. J. Marsel, "Acetylenic Compounds for Rocket Fuels", 
New York University Report NYU-175.9, Contract ~0ur-285( 04), 
December 1, 1952. 

SECTION V I  

REGENERATIVE: HEAT-EXCHANGE PROPERTIES OF SOME HYDROCARBON FUELS 

A n  adequate evaluation of the properties of the candidate hydro- 
carbon fuels  as regenerative coolants would require reliable values for the 
viscosities, thermal conductivities, specific heats, densities and vapor 
pressures over the temperature range existing i n  the regenerator, and a 
detailed analysis of the f luid flows and temperature gradients i n  the 
system. 
have limited ourselves t o  the consideration of heat transfer coefficients 
for a turbulent flow situation jn which the liquid enters a tube of constant 
cross-section a t  40°F with an i n i t i a l  linear velocity v. The correlation 
used t o  obtain heat transfer coefficients was a Rocketdyne modification1) of 
the Dittus-Boelter equation 

Since such an analysis is beyond the scope of the present work we 

Nu = 0.005 
- -- 
17 See references at end of Section. 
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where Nu, the Nusselt number, is hD/k; Re, the Reynolds number, is D w / ~ ,  and 
Pr, the Prandtl number, is qCp/k; h is the heat transfer coefficient, D is 
the tube diameter, k is the thermal conductivity, p is the density, v i s  the 
l inear velocity, '7 is  the viscosity and Cp is the heat capacity. 

state,  this leads t o  
Since the mass velocity i s  constant along the pipe a t  the steady 

h = 0.005 D-0*05 (vp)00'95 k0*' C O** rj'0*55 Btu/hr f t 2  R, v1.2 P 

where ( V P ) ~  i s  the mass velocity per unit area a t  the entrance temperature. 

If w e  make the approximate assumption that the mass-flaw ra t e  is 
proportional t o  Po 2/3, where Po is the density of the fuel  a t  the entrance 
t o  the pipe, then the r a t io  h / b ,  where & i s  the heat transfer coefficient 
of the reference fuel, RP-1, is given by 

V1.3 

where the r a t i o  of densities is taken a t  the entrance temperature and the 
other ra t ios  are taken a t  the temperature a t  which h is  t o  be evaluated. 
The r a t io  h / b  has been calculated by means of this expression and the 
physical property data from the previous section; the resul ts  are shown in  
Figure 18. The breaks shown i n  the curves fo r  the lower-boiling Qydrocarbons 
occur i n  the vicinity of the c r i t i ca l  temperature ( a t  an  assumed pressure of 
1000 psia). The shapes of the curves in  these regions should be regarded as  
only schematic. 

Jhe dominant term i n  the expression of h/& is the viscosity term, 
( r j / ~ r ) O * ~  ; the other terms introduce factors tha t  do not depart very far 
from unity a t  temperatures below the c r i t i ca l  temperature of the fuel. 
dominant effect  of the viscosity accounts for  the relatively high heat 
transfer coefficients of bicyclobutane, bicyclopentane, and 1,5-hexadiyne 
and the relatively low coefficients for SHELLDYNE. I t  should be borne in 

corresponding uncertainties i n  the predicted heat transfer coefficients; 
nevertheless, the curves shown i n  Figure 18 appear t o  f a l l  i n  a reasonable 
order and are believed t o  provide a t  l eas t  a rough approximation t o  the 
truth. The curves would not be changed greatly i f  they were calculated on 
the basis of constant mass-flow rate;  t h i s  wmld  require the use of a factor 
(p/@)o'95 i n  place of ( ~ / p r ) O ~ ~ ~ ,  but i n  most cases the indicated ra t io  is 
not very far from unity. 

The 

mind that uncertainties in  the estimation of the viscosity introduce 

A possible limitation on the use of these fuels i s  the upper tem- 
perature l i m i t .  Because anomalous behavior may occur in  the c r i t i ca l  region, 
it is desirable t o  avoid reaching c r i t i ca l  temperature i n  the cooling system. 
We have estimated the order of magnitude of the coolant t perature r i s e  i n  

a l l  coolant Ml of 156'F for  RP-1 i n  an Atlas rocket motor; this corresponds 
t o  a heat input of 79 Btu/lb. On the basis of the rough assumption that  the 
heat input w i l l  be the same for  the other fuels, a corresponding temperature 
r i s e  can be calculated for  each. The values obtained for 4? ranged from 

the following way. A calculation published by Rocketdyne +Y indicates an over- 
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137OF for  bicyclobutane t o  197'F f o r  SHELLDYNE. 
an estimated c r i t i c a l  temperature around 360°F, the f ina l  temperature e s t i -  
mated i n  this way is 150OF below the c r i t i ca l .  

Even for bicyclobutane, with 

A s  is shown in  Figures 4 through 6 of t h i s  report, the low-boiling 
high-energy hydrocarbons give rise t o  higher flame temperatures than does 
RP-1. I f  the sum of the thermal resistances in  the sequence gas film, carbon 
film, tube wall and liquid film does not change substantially when RP-1 is 
replaced by a new fuel,  the heat flux t o  be dissipated by the new fuel in  the 
regenerator w i l l  be changed proportionately t o  the difference between the 
flame temperature and the temperature of the liquid. I f  w e  approximate the 
temperature of the liquid coolant as  approximately constant a t  35a°K, the 
data of Figure 6 suggest that  the heat f lux  a t  the throat w i l l  be increased 
by about-RP-1 is replaced by bicyclobutane and by 7-9% i f  the replace- 
ment fuel  i s  bicyclopentane, spiropentane or 1,7-octadiyne. The f ina l  coolant 
temperatures estimated above from the Rocketdyne example for  the Atlas engine 
would still be well below the c r i t i ca l  temperatures. 

This conclusion must be qualified, however, because of the fac t  
that  a double-pass heat exchange system i s  used i n  many rocket engines. 
such a system, it is possible that  the exi t  temperature is  not the highest 
temperature attained by the coolant; a m a x i m u m  may occur somewhere within 
the system, possibly i n  the vicinity of the throat. If  the m a x i m u m  i s  
severe, it may be necessary t o  eliminate from consideration the lowest 
boiling hydrocarbons, such as bicyclobutane, a t  least  for use as neat fuels. 

In 

One additional proviso is  that coolant performance depends also on 
chemical s tab i l i ty  under the conditions encountered i n  the heat exchanger. 
Whether the candidate fuels have adeq-late s tab i l i ty  for  this service, or can 
be given adequate s tab i l i ty  by the use of additives, can be learned only by 
experiment. 

A. References for  Section V I  -- --- 

1) Rocketdyne Report RM 11~5/362, "Study of an hdothermic Fuel for the 
Atlas Rocket Motor", Second Quarterly Progress Reprt ,  Canoga Park, 
California, December 1964. 

Ibid., F i r s t  Quarterly Report, September 16, 1964. 2) 

SECTION V I 1  

THERMAL STABILITY OF SOME CFDIDATE FUELS 

__ A. Acetylenes 

Qf these fuels as liquids under the conditims of temperature and pressure 
that are of practical interest .  
ation i n  th i s  report are deficient i n  hydrogen, they are l iable in  principle 
t o  undergo polymerization in  the presence of free radical saurces, including 

Only l imi t ed  information is available about the thermal s tab i l i ty  

Since a l l  of the compounds under consider- 
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dissolved oxygen. 
step i n  the polymerization process can be represented schematically as  

In the case of the terminal diacetylenes, the propagation 

R* + HC E C - (CHp), C Z C H  + R C H =  C (CHp)n C E C H  

where R. represents a f ree  radical. 
from this reaction can react with other acetylenes t o  generate branched 
l inear polymeric free radicals of the general form 

The more complex free radical resulting 

R - [CH = C l p  # - CH = C. 

Such a free radical can be converted into a stable molecule either by 
reaction with another radical l i k e  i t s e l f  or by abstracting a hydrogen atom 
from another molecule. The resulting products, however, still contain 
double and t r i p l e  carbon-carbon bonds and are susceptible t o  further poly- 
merization reactions. These reactions can lead t o  the conversion of the 
i n i t i a l  l inear soluble polymers into insoluble cross-linked materials that 
may form resinous f i l m s  on hot surfaces such as those of heat-exchanger 
tubes. 
tube-wall and can resul t  i n  a higher wall-temperature on the liquid side of 
the heat exchanger. 
above may be accelerated together w i t h  the ent i re  chain of associated 
events. Self-acceleration resul ts  also fr m the fact  that  these chain 
processes are exothermic. Indeed acetylene itself undergoes these reactions 
so readily that the pure liquid tends t o  explode when it is confined under 
pressure a t  ordinary temperatures. The substituted acetylenes, i n  which the 
t r i p l e  bonds are diluted with relatively unreactive paraffin chains, are 
much more stable. 
chain. 

Such films w i l l  change the effective thermal conductivity of the 

As a result ,  the polymerization reactions referred t o  

Stabi l i ty  increases with increasing length of the paraffin 

Thus, 1,5-hexadiyne has a moderate inpact sensit ivity that  can be 
relieved by dilution. found t o  explode in  an impact 
tester. '1 More recently it has been reported2y that the liquid ( bp 87°C) 
explodes when it is heated under pressure a t  280°C, and that the vapor under- 
goes the following thermal isomerization reaction: 

The undiluted liquid wa 

H2C - CH;! 

iii 111 
c c  
H H  

1 1  
HC = CH 

T h i s  first-order reaction has a ra te  constant of 8 x 
3 x 
reaction can be expected t o  be exothermic. 

sec"' a t  210°C and 
sec'l a t  300°C; the activation energy i s  34.4 kcal/mole. The 

1) See references a t  end of Section. 
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The corresponding C7 compound, 1,6-heptadiyne is muc more stable. 

cie-tonated by a No. 6 blasting cap a t  room temperature and was estimated t o  
have a storage l i fe  of over a year a t  200°F though it developed a yellow 
color a f te r  two months at that temperature. Its short-time decomposition 
temperature was found t o  l ie  between 550°F (290°C; dark brawn color a f te r  
3 minutes) and 700°F (370°C; complete carbonization i n  3 minutes). 

A prep@ration of this compound made under the 1952-3 contract1 ? was not 

The C8 compound, 1,7-octadiyne was estimated t o  be much more stable 
than the C 
contract;'J this conclusion, however, is far from certain and requires con- 
f irmat ion. 

compound on the basis of qualitative observations under the same 

It should be possible t o  enhance the thermal s t ab i l i t y  of these 
compounds considerably by minimizing the concentration of dissolved oxygen 
and by the addition of small amounts of various inhibitors such as  a w l  
phenols or aromatic amines. 
polymerization chain reaction by transferring a hydrogen atom t o  the 
terminal free radical of the growing polymer. Whether such measures w i l l  
s tabil ize the terminal diacetylenes sufficiently t o  prevent the formation 
of undesirable deposits on heat exchanger surfaces can be determined only by 
experiment. 

These compounds me able t o  interupt the 

B. Cy clanes and Polycyclanes 

A t  sufficiently high temperatures, these compounds undergo a 
thermal rearrangement t o  form olefins a t  measureable rates. 
olefins, i n  turn, can form polymers i f  a suitable source of free radicals is 
present. A considerable body of information is available about the kinetics 
of these rearrangement reactions i n  the dilute vapor phase. 
information is  available, however, about the thermal s tab i l i ty  of the 
liquids. 

The  resulting 

Very l i t t l e  

A comprehensive review of the kinetic informat,ion available 
concerning the thermal decomposition of small-ring monocyclic compounds has 
recently been published by OfNeal and I3ens0n.~) 
thorough discussion of the mechanistic implications of the data and a set  of 
useful rules for  predicting the ra te  constants and their temperature 
coefficients from the chemical structure. 
which the same analysis w i l l  be extended t o  polycyclic oompounds. 

These authors present a 

They promise a future paper i n  

Some of the kinetic information available is summarized in  Table 18 
i n  which the first-order ra te  constants are expressed i n  the form 

k = A exp ( -E/RT) sec'l 

Also given are values of the calculated temperatures a t  which the 
reaction rate  a t ta ins  1% per minute; these provide an index of relative 
thermal s t ab i l i t y  of the vapors. 
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Table 18. U T E  CONSTANTS FOR THERMAL DECOMPOSITION OF SOMF 
SI"IA.LL-RING CY CUNES AND POLYCY C L A W  

Reactant 

I Cyc I opropane 
2)  Methylcyclopropane 

3) I, I-Dimethylcyclo- 

4) I sopropeny 1 cyc I o- 

5) Bicyclopropyl 

6) Cycl obutane 
7) Methylcyclobutane 

8) Methy I enecyc I obutane 

9) Spiropentane 

IO) 1,3=Dimethyl bicyclo- 

I I) Bicycl0(2,l,O)pentane 

12) Bicyc I o( 3, I ,0) hexane 

i 3) ci s - I ,2-Di met hy I - 
cyclopropane 

propane 

propane 

( I ,  I, 0) butane 

14) Quadricyclene 

Products 

Propene 

I s obut ene 
I -Butene 
ci s-2-Butene 
trans -2-Bu tene 
Overal I 
3-Met hy 1 butene- I 
3-Me t hy I butene-2 
1 -Methy I cycl opentene 

Cyc I ohexene 
All products 

Ethy 1 ene 

Propene Ethene 

Ethene + AIlene 

Methylenecyclobutane (92% 
al lene + ethene (8%) 
I, 3-0 i methy I butadi ene-l ,3 

:ycl opentene 

Cyc I ohexene 
I -Methylcyclopentene 
trans-l ,2-isomer 
2-Me t h y 1 butene - I 
2-Methy I butene-2 
Pentene-2 

3icyclo(2,2,l)hepta- 
jiene-2,5 

2ycl ohexadiene-l ,3 
:ycl ohexadiene-I, 4 
3enzene * H2 

Decom si- 

15) Bi~y~I0(3,1,0)- 
hexene-2 

- 
a) For calculated decomposition rate of I%/min, approximately. 

tion 

"C 

4 70 
465 

- 
- 

465 

360 

4 20 

430 

425 
525 
530 
370 

250 
250 
330) b, 

4 60 
485 
480 

I 70 

335 

3 20 

1) 

"F 

880 
8 70 

- 
- 

8 70 

6 70 

790 

810 

800 

980 
990 
700 

500 
525 

'6 20) 
860 
90 5 
900 

335 

640 

610 - 
b) Temperature at which appreciable rate of decomposition is observed. 

- 
log10 

A 

15.45 

14.62 
14.95 
14-59 
15.49 
15.45 
14.75 
14.75 
13.89 

- 

16.8 
15.36 

I 5.62 
15.38 
15.08 
15.68 
15.86 

13.91 
14.45 

- 
13.29 
13.89 
15-25 
13.93 
I 4.08 
13.94 
12.81 

14.28 
14.09: 

12.02 - 

E, 
tca I /mol 6 

65.6 

66.0 
64.3 
63.9 
63. I 
65.0 
62.6 
62.6 
50 .9 

70.8 
60.7 

62.5 

61.2 
61.5 
63.3 

57.6 

40.4 
43.8 
- 
57.4 
61.2 

59.42 
61 .O 
62.3 
61.3 
33.51 

50.20 
50 . 20 
42.69 

(Contin 

- 
Ref 

_. 

i 

293 
283 
2,3 
223 
3 
4 

5 

6 

7,8 
9 

10 
I I  

12 

13 

14 
15 

16 

17 

18 

18 

I >  
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Table 18 (Contd). LIST OF REFERENCES 

10 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11, 

E. 

13 

14. 

15. 

16. 

17 * 

18. 

We E, Falconer, T. F. Hunter and A. F. Trotman-Diekenson, J. Chem. SOC. s, 609. 
D. W. Placzeck and B. S. Rabinoviteh, J. Phys. Chem. @, 2141 (1965); 
(data recalculated by O’Neal and Benson). 

J. P. Chesick, J. Am. Chem. SOC. - 82, 3277 (1960). 

M. C. Flowers and H. M. F’rey, J. Chem. Soe. 1959, 3953 

H. M. Frey and D. C. Marshall, J. Chem. SOC. 1962, 3981. 

M. C. Flowers and H. M. Frey, J. Chem. Soe. 1962, 1689. 

- 

- 
C. T. Genaux, F. Kern and W. D. Walters, J. Am. Chem. Soc. - 75, 6196 
(1953 1 

R. W. Carr, Jr. and W. D. Walters, J. Phys. Chem. 67, 1370 (1963). 

M. N. Das and W. D. Walters, Z. Phys. Chem. (F’rankfWt) 15, 23 (1958)- 
- 

- 
R. L. Brandaur, B. Short and S. M. E. Kellner, J. Phys. Chem. - 65, 2269 
(1961 1 
J. P. Chesick, J. Phys. Chem. - 65, 2170 (1961). 

M. C. Flowers and H. M. Frey, J. Chem. SOC. - 1961, 5550. 

J. P. Chesick, J. Phys. Chem. 68, 2033 (1964). 
R. Criegee and A. Rimmelin, Chem. Ber. - 90, 414 (1957). 

H. M. F’rey and R. C. Smith, Trans Faraday SOC. - 58, 697 (1962). 
M. C. Flowers and H. M. Frey, Proc. Roy. SOC. (London) A257, - E2 (1960); 
ibid. - ~260, 424 (1961). 

H. M. F’rey, J. Chem. SOC. 1964, 365-7. 

R. J. E l l i s  and H. M. Frey, J. Chem. SOC. - ~1966, 553. 
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The i n i t i a l  step i n  these rearrangement reactions i s  believed by 
several authors t o  be the  rupture of a carbon-carbon bond t o  form a 
biradical; this step should occur more readily with increasing s t ra in  i n  the 
ring system. 
s tab i l i t i es ,  which increase i n  the order bicyclobutane, bicyclopentane, 
bicyclohexane, 1,2-dimethylcyclopropane. 
appears i n  the comparison between cyclopropane and cyclobutane. 

propane) and the monocyclanes appear t o  be moderately stable in  the vapor 
phase. 
per hour a t  600°F and the cyclobutanes are even more stable. 
suggest that the dispiranes, with structures ( schematic) as shown below 
would also be f a i r l y  stable thermally i n  the vapor. 

T h i s  is consistent with the observed sequence of thermal 

A minor reversal of this trend 

From these data, spiropentane, bicyclopropyl ( cyclopropyl cyclo- 

For spiropentane, for  example, the rate  of decomposition i s  only 14 
T h i s  would 

The authors who obtained the kinetic data l i s t ed  i n  Table 18 d i d  
not report any evidence of polymer formation under their experimental con- 
ditions, though i n  most cases they looked for  it. 
lifetime of the postulated biradical reaction intermediate i s  shwter than 
or comparable t o  the t i m e  between gas-phase collisions. 
guarmtee, however, that  polymerization w i l l  not occur when the same hydro- 
carbons are heated i n  the liquid phase where coll ision and intermolecular 
interactions are more frequent. In addition, the indicated reactions are 
exothermic and may become self-accelerating i n  the liquid phase under 
conditions of poor cooling. 
i n i t i a t e  polymerization reactions that  d id  not occur rapidly a t  lower 
temperatures. 
of some of the derivatives of bicyclobutane occurs readily i n  the presence 
of free radical ini t ia tors .  
though it decomposes cleanly a t  a measureable r a t e  t o  butadiene a t  290°C. 
Chesick ( ref .  13 of Table 18) reports that  though 1,3-dimetbylbicyclobutane 
decomposes cleanly i n  the vapor phase, it appeared t o  polymerize t o  some 
extent during passage a t  35°C through a gas-liquid chromatographic column 
with copper f i t t i ngs  and packed with f i r e  brick. 
Table 18) has reported that  a slow polymerization of quadricyclene occurred 
over the course of several months storage of the liquid a t  room temperature, 
with the resul t  tha t  part of the liquid was converted t o  a non-volatile 
white solid. 
would be troublesome when an experimental energetic fuel i s  exposed t o  
cmditions corresponding t o  those in  the heat-exchanger section of a rocket 
motor. 

T h i s  implies that  the 

T h i s  does not 

The resulting temperature r i s e  could conceivably 

It has been reported by Wiberg e t  a14) that polymerization 

The  parent compound is less prone t o  polymeriw, 

Similarly, Frey ( r e f .  17 of 

Only experiment w i l l  reveal whether s i m i l a r  polymerizations 

No kinetic data have been found in  the l i terature  for the thermal 
decompositions of tr icyclo ( 3 ,  1, 0, 0,294)  
acetylene. We would expect the tricyclohexane, however, t o  be relatively 
unstable by analogy with the compound tricyclo ( 4 ,  2, 0 ,  0,2~5)  
( called Ladderane on account, of i t s  structure, which resembles a series of 
three square boxes). 

hexane or of cyclopropyl- 

octane 

The l a t t e r  compound isomerizes a t  1 5 0 ° C  t o  form 
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cyclooctadiene; i n  the  l iquid phase a dimer of cyclooctadiene, C1&+, is 
formed with 8 melting point of 121OC. 

Cyclopropylacetylene was studied t o  some extent by Happel and 
Marsel') who found it t o  be relatively insensitive t o  thermal shock, but 
somewhat sensitive t o  impact. 
dicyclopropyl acetylene. 

We have seen no report of the preparation of 

SHELLDYNE, which may be of interest  as  a high-density ble ding 
agent, has been tested for  thermal s tab i l i ty  by A. C. Nixon e t  al..P The 
extent of decomposition was measured after passage of the vapor through a 
1/4 in. OD stainless steel tube a t  a controlled flow rate and temperature. 
Under these conditions appreciable decomposition occurred w i t h  some con- 
version t o  l igh t  gases and coke a t  800OF and contact times of less than a 
second. The average effective r a t e  constant from a ser ies  of runs near this 
temperature was 0.34 sec-l; from ra tes  a t  other temperatuses the activation 
energy was estimated t o  be 41 kcal/mole. Slightly lmer ra te  constants were 
obtained i n  experiments i n  which the vapors were passed through a 5/8 in. I D  
stainless steel tube packed with quart5 chips. 
steel surface provided some cataly-tic act ivi ty  for  the formation of coke, 
since pyrolysis i n  Pyrex tubes was found i n  another investigation t o  proceed 
cleanly a t  comparable ra tes  but w i t h  no coke formation. 

It appears that the stainless 

Hydrogenation of SHELLDYNE t o  SHEDYNE H decreases its density 
by only 1.7% but decreases the rate  of thermal decomposition substantially; 
the conversion of the hydrogenated material a t  1,200'F was comparable t o  
that of the unhydrogenated material w i t h  similar residence t i m e  at  800°F. 
For comparison w i t h  the data of Table 18 a very approximate description of 
the ra te  data can be given as 

k = 109*29 exp ( -30,80O/RT) sec'l 

kh = 109*22 exp ( -41,00O/RT) sec'l 

for  the unhydrogenated and hydrogenated compounds, respectively. 
basis the temperatwe for  a decomposition rate  of l$/min is estimated t o  be 
470 and 780'F (245 and 42OOC) respectively for  the two materials. 
SHELLDYNE appears t o  be comparable i n  s tab i l i ty  t o  the bicyclobutanes, while 
SHELLDYNE H is comparable t o  bicyclopropyl and the cyclobutanes. It i s  t o  
be emphasized that both the rates and the products of the thermal decompo- 
s i t ion reactions of these hydrocarbons may be different i n  the liquid phase 
from what they are i n  the vapor phase and may be modified by metallic 
surfaces. 

On this 

Thus 

C. References t o  Section VI1 
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2) H. J. Wristers, J. Am. Chem. SOC. - 89, 342 (1967). 
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SECTION V I 1 1  

COST AND AVAILABILITY 

A. Introduction 

Unlike the reference fuel RP-1, which is a kerosene available i n  
large quantit ies a t  a price of less  than two cents per pound, the compounds 
discussed in  t h i s  report are synthetic chemicals whose cost w i l l  be much 
higher, often by orders of magnitude. 
butadiene a t  lO-E$/lb are  produced i n  quantity. 
methylacetylene is  marketed commercially i n  cylinders by Dow Chemical Company 
a t  a reasonably modest price as a fue l  fo r  use i n  welding torches, the supply 
of t h i s  mixture could be increased substantially. 
however, have disadvantages as prospective replacements fo r  RP-1 on the basis 
of density, boiling point or chemical s tabi l i ty .  

Ethylene a t  around 3.5 t / l b  and 
A mixture of allene and 

A l l  of these compounds, 

None of the remaining energetic hydrocarbons considered i n  t h i s  
report is made commercially on a substantial  scale. Some of them have been 
prepared only on a research scale and a few [tetrahedrane, dicyclopropyl- 
acetylene and dispiro (2,1,2,l)octane] have never been made t o  our knowledge. 
The terminal diacetylenes (c6, c ~ ,  CS and Clo) a re  produced on a small scale 
by Farchan Research Laboratories fo r  Sale as laboratory chemicals a t  a price 
of the order of $100 fo r  0.5 kg. 

The hydrogenated form of SHELLDYNE, which might find use as a high- 
density blending agent, is not produced commercially but a practical  synthetic 
route is known. 
currently under review by Shell  O i l  Company. 

Its potential  sel l ing price and scale of manufacture are 

We have made very approximate preliminary estimates of the probable 
costs of producing 1,7-octadiyne or spiro (2,2)pentane on a commercial scale. 
The l a t t e r  was selected as an example of a high-impulse relatively stable 
hydrocarbon for  which a reasonably eff ic ient  synthetic route appears i n  
principle t o  be achievable. Its major disadvantage is its low density, about 
79% that  of RP-1. 
tha t  the basic costs of production given do not include interest  on capital, 
amortization of capi ta l  or profit .  

With regard t o  the estimated costs, it should be noted 

In comparison with spiropentane, 1,7-octadiyne has a higher density 
by a factor 1.085 and gives a stoichiometric specific impulse tha t  is  lower 
by the factor 1.010. A reasonably eff ic ient  synthetic route fo r  i t s  prepara- 
t ion  is  known. We chose it for  economic evaluation over i ts  lower homologues 
for  the following reasons: the C 5  compound is  d i f f i cu l t  t o  prepare and 
probably has a re la t ively poor thermal and shock s tabi l i ty .  
requires a more complicated preparative method than is used f o r  the higher 
homologues, though the desired product can be obtained i n  high yield, possibly 
greater than 90%.") 
(-4"C), presumably because of its limited molecular f lexibi l i ty .  
reported t o  have a moderate impact sensi t ivi ty  that can be relieved by d i  u- 

The c6 compound 

The C, compound has also a re la t ively high melting point 
It is 

tion. The undiluted material was found t o  detonate i n  an impact tester.  1j 
1) See References a t  the end of t h i s  Section. 

NASA-CR-72438 -46- 



The C7 compound has a wide liquid range (mp -84"C, bp 112°C). In 
work done under the 1952-3 contract') it was estimated to have a storage life 
of over one year at 200°F, though it developed a yellow color after 2 months 
at that temperature. It was not detonated by a No. 6 blasting cap. Its 
short time decomposition temperature was found to lie between 550°F (290°C) 
(dark brown color after 3 min) and 7OO0F (370°C) (complete carbonization in 
3 min). Its major drawback is that it has been made only in relatively poor 
yield (10% to 34% has been reported) by the conventional synthesis from sodium 
acetylide and lJ3-dibromopropane in liquid ammonia. Unless these yields can 
be improved the cost of the C7 compound will be higher than that of the c8 
compound by severalfold. 

The C8 compound was estimated on the basis of qualitative observa- 
tions in the earlier work at Shell Development Company1) to be somewhat more 
stable thermally than the C7 compound, though this conclusion is far from 
certain, It was prepared on moderate scale in 83% yield from lJ4-dichloro- 
butane. It is possible that this yield could be improved. The only known 
disadvantage of this material is that its freezing point is -22°C; this may 
be low enough, but could be lowered by blending, Its cost of manufacture is 
estimated below. 
quantities (100-1000 lb) will be higher than these estimates by'at least an 
order of magnitude. 

It should be emphasized that the cost of development 

B. 
and of Spiro (2,2)pentane (Preliminary) 

Estimated Cost of Manufacture of lJ7-0ctadiyne 

The major elements determining the cost of producing a chemical 
substance are: 

(A) Cost of Raw Materials and Process Materials 

(B) Processing Costs 
Operation: labor, materials, overhead 
Maintenance : labor, materials, overhead 
Utilities 

(c) Capital Costs 
Process Units 
Utilities 

Accurate estimates of (A) depend on accurate knowledge of the yields 
attainable in the contemplated reactions. These yields and information about 
the rates of the reactions involved also have an effect on (B) and (C), since 
these factors determine the volume of material to be handled to produce a 
desired quantity of product. (B) and (C) are also affected by constraints on 
materials of construction such as may be imposed by a corrosive environment 
or by extreme conditions. 

For the estimates presented here, operating costs and capital costs 
These estimates were estimated by analogy with existing evaluated processes. 

involve a good deal of chemical and engineering judgment; they should be 
regarded as highly preliminary and much less precise or certain than estimates 
based on pilot plant data and a preliminary plant design. 
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1. 1,7-0ctadiyne and 1,6-Heptadiyne 

The process steps are outlined on Figure 19; raw materials are 
sodium, ammonia and 1,4-dichlorobutme; the reaction medium is liquid ammonia. 
Yields of the octadiyne achieved on a 100 gram scale in earlier work') were 
80% based on dichlorobutane, 72.5% on acetylene, and 74.5% on sodium; these 
yields have been assumed, 
laboratory scale were much lower: 
Since the cost of these materials is dominated by raw material costs, the 
heptadiyne will be much more expensive than the octadiyne by the present 
route unless yields can be substantially improved by experimentation. 

Corresponding yields of the heptadiyne on a 
approximately 10% basis dichloroalkane. 

Prices assumed per pound for raw materials are $0.19 for sodium, 
$0.10 for acetylene, and $0.34 for purchased dichlorobutane. 
acetylene is somewhat more expensive, ea $0.20/lbe 
made not only on the basis of purchased dichlorobutane, but also on the basis 
of dichlorobutane manufactured onsite from furfural at $0.135/lb and anhydrous 
HC1 at $O.OlO/lb.  
per pound of product but increases capital requirements considerably. 

Carbide-based 
Cost estimates have been 

This option lowers the cost of raw mcterials by 21 to l9# 

Table 19. PROVISIONAL ESTIMATES OF MANlTFACTURING' 
COST FOR ~,~-OCTADNNE 

Case 

Scale, MM lb/yr 
~p t iona 1 
Raw Materials, #/lb product 
Operating Costs, b/lb product 
Unamortized Manufacturing Cost, #/lb 
Capital Investment, $ MM 

$ per annual pound of product 

I 

20 
A 

69.0 
6.8-8.7 
76-78 

3.4-6-4 
0.17-0.32 

a) A = Purchased 1,4-dichlorobutane; 
B = Manufactured 1,4-dichlorobutane. 

I1 

60 
A 

69.0 

74-75 
7.8-14.4 
0.13-0.24 

5.1-6.4 

I11 

60 
B 

48-50 
5.1-6.4 
53-56 
20-34 

0.33-0.57 

The processing steps on which the cost estimates were based are 
described as follows: A solution of sodamide in ammonia is formed by addition 
of sodium metal to liquid ammonia at -lO°C, mder nitrogen, in the presence of 
catalytic amounts of ferric nitrate. 
lene gas is reacted with the sodamide solution at -lO°C to form mono-sodium 
acetylide in solution; reaction time is about four hours. 
solution is mixed with 1,4-dichlorobutane and the mixture is stirred 8 hours 
at about 0°C (75 psig). All operations are under nitrogen. Ammonia is 
flashed off, condensed and recycled. 
chloride and a phase separation is carried out. 
tilled in the presence of inhibitors at reduced pressure (100 m H g ) .  
product fraction is collected, inhibited, and stored under nitrogen. Bottoms 
from the distillation are burned. 

The resulting estimated costs are summarized in Table 19. 

The hydrogen evolved is vented. Acety- 

The sodium acetylide 

Water is added to the bottoms to extract 
The organic phase is dis- 

A 
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1. Sodamide Formation 
+++ 

1/2 H, 
Fe 

NH3(Q) (FW = 39) (1/2 MW 1 )  
- NaNH, + N a  + NH3 

(FW = 23) (MW = 17) -loot 

50 psig 

2. Sodium Acetylide Formation 

NaNH, + C2H2 .C- NaC2H + NH3 
(FW = 39) (MW = 26) NH3(Q) -looc (FW = 48) 

50 psig 
ca 4 hr 

3. Alkylation 

a) 2 NaC2H + c&!&f2 ___c C8H10 + 2 NaCl 
( 2  x FW = 96) (MW = 127) NH3(Q) ooc 

75 psig 
ca 8 hr 

(MW = 106) (2  x FW = 106) 

2 NaCl 
( 2  x FW = 106) 

b) 2 NaC2H + CCJ-~~CI~ - C7H8 -!- 
( 2  x FW = 96) (MW = 113) NH3(Q) ooc 

75 psig 

(MW = 92) 

Figure 19. CHEMICAL STEPS AND PROCESS EQUATIONS 
l17-Octadiyne and l,&Heptadiyne 
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2. Spiropentane and Methylenecyclobutane (Clasical Route) 

The process steps involved in the classical route to spiropentane 
are indicated schematically in Figure 20. Basically, pentaerythritol, a 
tetra-basic alcohol, which may be either purchased comercially or prepared 
by condensation of formaldehyde with acetaldehyde in the presence of lime, is 
converted to the tetrahalide; the tetrahalide is reduced with metallic zinc 
in the presence of sodium carbonate to form spiropentane and zinc oxide. This 
step is carried out in the presence of minor amounts of iodine, which is 
reduced to iodide. 

The high cost of zinc and of iodine demands that these intermediates 
be recovered. A n  essential part of the process, therefore, is the recovery of 
zinc by reduction of zinc oxide with carbon at high temperatures and the 
recovery of iodine by oxidation of iodide ion with cheaper chlorine. 

The available literature studies of this process all involve reduc- 
tion of the tetrabromide with zinc; even in this case the yield of spiro- 
pentane is very s nsitive to the conditions employed (solvent, temperature) 
in the reaction.'T Thus the assumption made here that the chloride can be 
used in place of the more expensive bromide is an optimistic one.' The yield 
of spiropentane assumed (85% basis pentaerythritol tetrachloride) is also 
optimistic in view of the range of yields that have been reported from 
experimenks on reduction of the tetrabromide. Nevertheless, the preparation 
of pentaerythritol tetrachloride is a known process, either by means of 
stoichiometric quantities of phosphorus pentachloride or thionyl chloride- 
pyridine2) or, more economically, with concentrated hydroc 1 ric acid in the 
presence of lesser amounts of aliphatic carboxylic acids. 2737 Moreover, the 
zinc dehalogenation of 1,3-dichloropropane to cyclopropane is known. *) 

In spite of the optimistic assumptions described above, the 
projected cost of making spiropentane by the classical route is still high. 
The basic reason f o r  this lies in the fact that one mole of pentaerythritol, 
with a weight of 136 units, can yield no more than 68 mass units of spiro- 
pentane. Thus the raw material cost per pound of spiropentane from 
pentaerythritol must be at least twice the price per pound of pentaerythritol. 
In addition, for each mole of spiropentane produced, the stoichiometry 
requires that at least 4 moles of HC1 and 2 moles of Na&03 be consumed and at 
least 2 moles of zinc oxide be converted to zinc; appreciable amounts of 
iodine must also be recovered. 

The major by-product in the dehalogenation of pentaerythritol 
tetrahalides with zinc is methylene cyclobutane. This is itself a strained 
hydrocarbon; both its density and its llstoichiometricl' specific impulse, 
however, are lower than those of spiropentane. 
tion process could be worked out, however, it would provide a route to 
dispiro (3,1,3,l)decane. 
is the major product from the dehalo e a ion reaction under discussion. 

maximize the yield of either methylene cyclobutane or spiropentane. 

If an efficient cyclodimeriza- 

Under some reaction conditions, methylene cyclobutane 

Several studies have been published2 773 of the conditions required to 

The processing steps on which the cost estimate was based are as 
pentaerythritol is treated at elevated temperature and pressure follows: 

with an excess of concentrated (36%) aqueous hydrochloric acid in the presence 
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1. Pentaerythritol Chloride Formation 

CtjH&14 + 4 H2O 
0.14 CH&OOH 

C(CH,OH)4 + 4 HCI 

M W =  136 FW = 36.5 MW= 210 

2. Spiropentane Production 

c~H&14 4- 2 Zn -k 2 Na2C03 

MW = 210 FW = 65.4 FW = 106 0.17 I i  

C,H,jOH* H2O 
n * 

3. Zinc Recovery 

Zn + CO 
AA ZnO + C - 

FW = 81.4 FW = 65.4 

4. Iodine Recovery 

I, + 2 C P  Q 2 I + CI, - 
MW = 71.0 MW = 253.8 

Figure 20. SPIROPENTANE: CHEMICAL STEPS AND PROCESS EQUATIONS 
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of small amounts of acet ic  acid. The insoluble product, pentaerythritol 
tetrachloride, is isolated, washed and carried forward t o  spiropentane 
production. 
and addition of makeup anhydrous HC1. Yield of tetrachloride based on 
pentaerythritol is assumed t o  be 85% of theory. 

The reaction liquor is recycled a f t e r  appropriate draw-off 

Pentaerythritol tetrachloride (PETC) in ethanol-water azeotrope is 
mixed w i t h  an aqueous solution of iodine and sodium carbonate. 
is held a t  reflux, and zinc powder added stepwise over a period of twelve 
hours. Spiropentane (bp 38.5"C) and i ts  isomers and carbon dioxide are 
evolved. Spiropentane is condensed, redis t i l led,  collected, dried and stored. 
The reaction liquor (slurry) is sett led,  f i l tered,  and ZnO-Zn solids sent t o  
zinc recovery. The f i l t r a t e  is diluted w i t h  water, ethanol-water azeotrope 
taken overhead, and the aqueous bottoms sent t o  iodine recovery. Recovery of 
spiropentane basis the tetrachloride is assumed (optimistically) t o  be 85% of 
theory. 

The mixture 

Recovered ZnO and Zn solids from spiropentane production are dried, 
mixed w i t h  f inely divided coke, and changed t o  1000°C f'urnaces. Zinc vapor 
is condensed from the reducing atmosphere. 
sulfide ore is roasted, sintered, and mixed w i t h  coke fo r  makeup,feed. By- 
product sulfuric acid may be recovered, but is  not credited. 
from t o t a l  charge is taken as 93% of theory. 

Purchased 1160% concentrate" zinc 

Recovery of zinc 

Stripped aqueous reaction liquor from spiropentane production, 
a f t e r  separation of zinc solids, is charged t o  a packed tower along w i t h  
excess l iquid chlorine and contacted w i t h  a counter-current flow of air .  
Volatilized iodine is absorbed i n  sulfur ic  acid, reduced w i t h  sulfur dioxide, 
then regenerated w i t h  the theoretical  amount of chlorine and recovered by 
f i l t ra t ion .  
Makeup iodine is  purchased as  12. 

Recovery of iodine from the feed liquor is taken as 98% of theory. 

3.  Pentaerythritol Supply and Other Material Costs 

For the spiropentane process under considerat5on, usage of penta- 
e ry thr i to l  corresponds t o  2.78 lb/lb spiropentane produced. Supplies for  
20 MM lb/yr and 60 MM lb/yr spiropentane units thus t o t a l  56 MM lb/yr and 
167 MM lb/yr pentaerythritol, respectively, and correspond rough 
150% of the t o t a l  projected 1967 U.S. Pentaerythritol ~ a p a c i t y . ~ y  It is 
assumed in the present evaluation tha t  56 MM lb/yr could ei ther  be purchased 
from U.S. and import sources or be produced while usage of 167 MM lb/yr would 
demand the construction of pentaerythritol production units. 

t o  50% and 

The following information is available concerning pentaerythritol 
@E) supply: 

PE production i n  1964 (U.S.) was 69 MM lb; sales were 64 MM l b  a t  
24b/lb. 
110 MM lb. 
Imports i n  1965 totaled 14 MM lb. 
19.5-20b/lb, I ta l ian  19.8#/1b, Japanese (lower grade) 16. 8b/lb. 
domestic quotations a re  24b/lb delivered. 
Corporation, Commercial Solvents, Delaware Chemical, Hercules Powder, Heyden 
Chemical, Reichhold Chemical, and Trojan Powder. 

U.S. capacity i n  1965 was 80 MM lb, w i t h  projected 1967 capacity of 

Prices i n  1965 were: 
Imports are  primarily from Canada, w i t h  some from I ta ly  and Japan. 

Recent (1966) 
Canadian product 

Domestic producers are Celanese 

Over 90% of the PE produced 
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goes into competition with glycerine in surface coatings (themselves highly 
competitive). Small amounts go into tetranitrate for explosives. PE and 
glycerine are considered almost interchangeable as alkyd modifiers. 

Unamortized costs of producing PE at volumes of 60 MM lb/yr and 170 
Plant MM lb/y-r are estimated roughly at E.l+/lb and 11.5k/lb, respectively. 

capital costs are taken as $10.0 MM and $20.7 MM for these units. 

Costs assumed for other raw materials, in cents/pound, are 1.5 for 
sodium carbonate, 10.0 for acetic acid, 1.0 (optimistic) to 5.0 (pessimistic) 
for anhydrous HC1, 4.5 for Z n S  concentrate, 1.0 for coke, 3.0 for chlorine, 
4.5 for sulfur dioxide, 1.0 for sulfuric acid, and 102.0 for makeup iodine. 
The unamortized cost per pound for zinc and iodine charged to the spiropentane 
production unit (makeup and recovery costs) was estimated to fall within the 
following ranges: 
for zinc and 11,g to 14.8 cents for iodine; at a scale of 60 MM lb spiro- 
pentane/year, 5.6 to 7.8 cents for zinc and 11.5 to 13.8 cents for iodine. 

At a scale of 20 MM Ib spiropentane/year, 6.1 to 9.4 cents 

The total unamortized cost thus estimated per pound of spiropentme 
produced and the estimated capital required are summarized in Table 20. 

type of chemistry now under investigation by Skell. 'y These studies, involv- 
ing addition of active carbon fragments (C, and C,) to olefins, are at a very 
early stage of development; scale-up of the techniques used may be difficult 
and expensive. 

An alternative route to spiropentane may e entually come from the 

C. Routes to Other Energetic Hydrocarbons 

Of the hydrocarbon fuels that show high potential performance, one 
of the most effective is eubane. Since this hydrocarbon can be regarded as 
the tetramer of acetylene, it is not impossible that an inexpensive synthesis 
may someday be found. At present, however, it has been made o ly by a 
synthesis of many steps involving relatively costly reagents.'?l0) It also 
has a relatively high melting point (130°C), presumably as a result of its 
highly symmetrical structure. It may be soluble enough, however, to be used 
as a blending agent. Methyl and especially dimethyleubane should have a much 
lower melting point; they also show a high potential performance. These have 
not been made, to our knowledge. At present, the cubanes can not be regarded 
as practical fuels; they do indicate, however, the magnitude of potentially 
attainable gains in performance. 

Tetrahedrane and its derivatives have not been made, to our know 
knowledge, though its synthesis has been attempted. 
estimated density and boiling point make it of less interest in comparison 
with the cubanes. Its estimated heat of formation per carbon atom is even 
higher than that of acetylene; if this estimate is reliable, it may account 
for the failure of efforts to make tetrahedrane. 

This fact and its lower 

An excellent recent review of the chemistry of polycy lie systems 
containing 3- and 4-membered rings has been given by Seebach;l'g his article 
is a good source of references to the original literature. The chemistry of 
bicyclobutane and its derivatives has been recently reviewed by Wiberg and his 
eo-workers; 12) among the synthetic methods mentioned are the following: 
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Table 20. SUMMARY OF ESTIMATED MANUFACTURING COSTS 
FOR SPIROPENTM 

Zase 

scale, MM lb spiropentanelyr 
3n-stream Factor 
Pent aerythr i t o l  Source 
Costs Estimated 

Unamortized Manufacturing Cost, 
$/lb spiropentane 
Raw and Process Materials 
(with associated process costs) 
Other Operating Costs 
Total Unamortized Cost 

Capital Requirements, $MM 

Spiropentane Unit 

Tetrachloride Unit 
Zinc Recovery 
Iodine Recovery 
Pentaerythritol Manufacturing 

Total Capital Capital, $MM 

Capital per Annual Pound of 
Spiropentane Produced, $ 

I - 
20 

0.9 
Mfd. 

M i n  

93.5 

6.2 
99.7 
- 

5.9 
14.3 
9.5 
3.2 
10.0 
42.9 
- 

2.15 
__. 

I1 

20 

3*9 
Purch. 
M i n  

115.0 

6.2 
121.2 
- 

5.9 
14.3 
9- 5 
3- 2 

32.9 

1.65 

- 

I11 

20 

0.9 
Purch. 
Max 

141.6 

6.2 
147.8 
- 

5.9 
14.3 
17.9 
6.3 
- 
44.4 

2.22 

- 
I V  
.I_ 

60 
0.9 
Mfd. 

Min' 

85.5 

4.8 
90.3 
- 

12.2 
28.8 
21.7 
6.4 
20.7 
89.8 
- 

1.50 

v 
60 
0. 9 
Wd. 
Max 

108 e 6 

113.4 
4.8 

12.2 
28.8 
39.7 
12.8 
20.7 
114.2 
- 

1.90 
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Q Br 0 C1 + Na + 

Br 0 C02CH3 + NaH C 0 2  CH3 

& CH = N-NHTs + NaOR 4 

C H 3 - k C - C H 3  + CH;IN2 (CuC1.9) 

The quantum yield in the photochemical cyclization of butadiene is 
Recently a bicyclobutane dicarboxylic ester has been prepared by quite low. 

electrochemical reduction of a symmetrical half-ester of cyclobutane 
tetracarboxylic acid. 13) 

The only example known of a tricyclo(3,1,0,02r4)hexane is a hexa- 
methyl derivative prepared by the sensitized photodimerization of l-methyl- 
3,3-dimethyl~yclopropene.~~) 
synthesizing derivatives of this highly strained system. 

It should be possible to find other methods for 

Synthetic routes to spiranes and polyspiranes were investigated and 
reviewed some years ago by a group headed by E. R. BUchmanl5) at the California 
Institute of Technology. 
them and has since been used by others (see the review by Voge1)16) is the 
so-called WalborsQ reaction, exemplified below as a route to dispiro (3$1,3,1)- 
decane: 

One of the fairly general routes that was used by 

0 

0 

The resulting 
hydrocarbon either with 

dispirodiketone has been successfully reduced to the 
hydrazine sulfate and excess sodium ethylate (Wolf- 

Kishner reduction) or by reaction with methyl mercaptan and zinc chloride to 
convert the carbonyl oxygens to dimercaptyl groups, followed by reduction with 
hydrogen over Raney nickel. 
would be useful and may be attainable. 

Alternative and cheaper routes to the dispiranes 
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Synthesis of a number of cyclopropyl derivatives, including 
cyclopropyl cyclopropane, has been re orted by Slabey, Wise and Gibbons of 
the L e w i s  Flight Propulsion Center. ''7 

A number of syntheses of strained polycyclic hydrocarbons have 
recently been reported i n  the l i terature;  these hydrocarbons include, in 
addition t o  compounds considered i n  this report, bicyclo (2,2,0)hexane, 
bicyclo (2,1,l)hexane bicyclo (l,l,l)pentane, t r icyclo (2,1,0, 02, 5)pentane, 
and tricyclo (3, 1,0,08' ')hexane. 
nomenclature see Meinwald and Crandall.18) 
development of the i r  synthetic chemistry, these compounds a re  l ikely t o  be 
very expensive . 

For references and a discussion of 
A t  the present s t a t e  of 

Cyclopropyl acetylene was prepared by Happel and Marsell') by the 
reaction of cyclopropyl halide and sodium acetylide. We have seen no report 
of the preparation of dicyclopropyl acetylene, but i ts  synthesis e i ther  from 
cyclopropyl acetylene or  via disodium acetylide should be possible. Alterna- 
t ive but more expensive syntheses of cyclopropyl acetylene and of methyl- 
cyclopropyl acetylene (1-me hyl, 1-ethinylcyclopropane) have been reported by 
Russian investigators. 20)21j 

D. References f o r  Section VI11 

1) Shel l  Development Company Report No. S-13526, Contract NOas 52-808-cy 
fo r  Department of the Navy, Bureau of Aeronautics, Final Report 
February 19 52- September 19 53. 

2 )  "The Pentaerythritols1', ACS Monograph Series No. 136, Reinhold 
Publishing Company, New York, 1958. 

German Patent No. 935,362, f i l e d  February 27, 1954, t o  Deutsche Gold 
U. Silberscheideaastalt. 

3) 

4) H. B. Hass e t  al,  U.S. Patents 2,098,239; 2,102,556; 2,235,679 
(process for making cyclopropane) 

5 )  D. E. Applequist, C. F. Fanta and B. W. Henrickson, J. Org. Chem. 2, 
17-15 (1958). 

6) J. D. Roberts and C. W. Sauer, J. Am. Chem. SOC. 71 3925 (1949). -9 

7) 

8) 

O i l ,  Paint and Drug Reporter, February 14, 1966. 

P. S. Ske11 and eo-workers, J. Am. Chem. SOC. 85, 1023 (1963); -3 86 
4741, 4747 (1964); 87, 1135, 2493, 2829 (196517- 

P. E. Eaton and T. W. Cole, J. Am. Chem. SOC. - 86, 962, 3157 (1964). 9) 

10) J. C. Barborak, L. Watts and R. Pet t i t ,  J. Am. Chem. SOC. - 88, 1328 
(1966 1 * 

11) 

E!) 

D. Seebach, Angew. Chem. (English Ed.) - 4, 121-131 (1965). 
K. B. Wiberg e t  a l ,  Tetrahedron -2 21 2749 (1965). 

NASA-CR-72438 -54- 



13) A. F. Vellturo and G. W. Griffin, J. Am. Chem. Soc. - 87, 3021 (1965). 

14) H. Stechl, Angew. Chem. -2 75 1176 (1963); ibid, Internat. Ed. - 2, 743 
(1963 1 

15) E. R. Buchman et al, California Institute of Technology, Final  Report, 
Contract N60nr-244/XI, October 1951. 

E. Vogel, Angew. Chem. - 72, 4 (1960). 

for Aeronautics Report No. 1112 (1953). 

16) 

17) V. A. Slabey, P. H. Wise and L. 6. Gibbons, U.S. Nat. Advisory Corn. 

18) J. Meinwald and J. K. Crandall, J. Am. Chem, SOC. - 88/6, 1292 (1966); 
(see esp. pp. 1300-1301). 

J. Happel and C. J. Marsel, "Acetylenic Compomds for Rocket Fuels", 
New York University Report No. NYU-175.9, Contract Nonr-285 (04), 
December 1, 1952. 

Ya M. Slobodin and N. Shokhor, Zh. Obs. Khim. - 22, 195 '(1952). 

V. S. Zavgorodnii and A. A. Petrov, Zh. Obs. Khim. - 34, 1931 (1964). 

19) 

20) 

21) 

SECTION IX 

CONCLUSIONS AND Rl3COMME:NDATIONS 

Significant gains in booster payload can be achieved with energetic 
hydrocarbons as replacements for RP-1 provided the mass-flow rate of fuel can 
be enhanced over the existing design. A study of the feasibility of increas- 
ing the mass-flow rate of fuel in existing engines as a function of fuel 
density and viscosity appears to be needed to define the permissible range of 
these properties for acceptable fuels, and to aid in the choice of fuels whose 
properties and preparation should be studied further. 

Among the candidate fuels, spiropentane and 1,7-octadiyne have been 
sufficiently studied with regard to preparative chemistry to provide a basis 
for the development of a manufacturing process; the first appears potentially 
to be about twice as costly as the second. 
to be attainable with these and if their potential performance appears to 
justify their cost, sufficient amounts should be prepared for an experimental 
evaluation of their physical properties and thermal stability (including the 
effectiveness of stabilizers) over the range of pressures and temperatures of 
practical interest. 
additional data for the development of a manufacturing process. 
stage, sufficient information should be available to decide whether or not to 
embark on process development. 

If adequate mass-flow rates appear 

The preparative program could be used to provide 
At this 

For the longer term, hydrocarbons such as dispiro(2,1,2,l)octane or 
dispiro (3,1,3,l)decane with higher density than RP-1 and only moderately low 
H/C ratios may deserve consideration. Following an exploration and evaluation 
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of their  physical properties, a decision could be made whether t o  embark on 
a program of research directed toward the discovery of cheaper methods of 
synthesis. 
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APPENDIX 1 

SPECIFIC IMPULSE AND OPERATING TEMPERATURES VS O/F RATIO 
FOR VARIOUS HYDROCARBONS 

The curves shown i n  Figures AI-1 t o  AI-13 i l l u s t r a t e  the variation 
of 
( O / z w ,  calculated fo r  both equilibrium and frozen expansion. Each of the 
Figures Al-l.to A l - 1 1  presents data for hydrocarbons with a common value of 
the hydrogen/carbon atom rat io ,  r, but different values of x, tlie heat of 
formation per gram atom of carbon. 
a re  for  f i c t i t i ous  hydrocarbons w i t h  a combination of x and r that does not 
exist among the specific hydrocarbons l i s ted  i n  T- of the 'text. 
It should also be noted tha t  the value of x used for some of the hydrocarbons 
i n  constructing Figures A l - 1  and A i - 1 3  differs  s l igh t ly  from the value assigned 
i n  Table 2 of the  text; the  values i n  tha t  table  have been revised from our 
earlier estimates i n  a number of cases. 

ec i f i c  impulse for  individual hydrocarbons with oxygen/f'uel weight ratio,  

It should be noted that some of the curves 

Figures A1-14 t o  A1-19 i l l u s t r a t e  the change i n  specific impulse as 
oxygen/fuel ratio is  varied above and below the stoichiometric! value for  hydro- 
carbons w i t f i  values of r equal t o  1.0, 1.5 and 2.0 over a range of values of X. 
In  general, the mixture r a t i o  for m a x i m u m  impulse varies from oxygen-rich t o  
oxygen-lean as x increases a t  a constant value of r. 

Figures A1-20 t o  Al-30 show the variation of specific impulse with 
LOX/fuel volume rat io ,  (O/F) v, calculated for individual hydrocarbons. 
these curves were calculated early i n  the course of our work, there are some 
discrepancies between the densit ies chosen for the hydrocarbons i n  these calcu- 
lations and the revised values given i n  Table 2 of the text. 
for  both p and x i n  the calculations are  shown on Figures 81-20 t o  Al-30 and 
should be compared with those quoted i n  Table 2 i f  there is interest  i n  the 
precise placement of a particular curve. 

Since 

The values used 

Figures Al -31  t o  U l - 3 8  show plots of the combustion chamber tempera- 

Each of these figures i s  concerned with a fixed value of the 
ture  vs oxygen/fvel weight r a t io  for various values of x, the heat of formation 
per carbon atom. 
hydrogen/ca--rbon atom r a t i o  r. 
1.50, 1.60 and 2.0. 
these l ines  represent approximate loci for maximum specific impulse for either 
frozen expansion ( F) or equilibrium expansion (E) .  

The values of r considered are  1.00, 1.143, 
On each chart t w o  l ines are  shown intersecting the curves; 

Corresponding charts for  the throat and exhaust temperatures have 
not been prepabed; approximate values can be estimated from the chamber 
temperatures and. the data plotted i n  Figures 4 through 7 of the text. 

- 58- Figures A l - 1  through A1-38 follow 



Figure Al-1. SPECIFIC IMPULSE vs (O/F)w FOR HYDROCARBONS 
1 000 psi a/a t m 
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Figure A1-2. SPECIFIC IMPULSE vs (O/F)w FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-3. SPECIFIC IMPULSE vs (O/F)w FOR HYDROCARBONS 
1000 psia/atm 

NASA-CR-72438 
62637 



3 10 

300 

n 

n 
5 
s 
2 
I 

290 

280 

2 70 

1 2 3 
(O/F)W 

4 

Figure A1-4. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-5. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/a trn 
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Figure A1-6. SPECIFIC IMPULSE vs (O/F)  , FOR HYDROCARBONS 
1000 psia/a tm 
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Figure 141-7. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBON 
1000 psia/a tm 
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Figure A1-8. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-9. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atrn 

NASA-C R -72438 
62637 



330 

320 

h 

S 
0 

. 
U 

290 

280 

Figure A1-10. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure Al-11. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-12. SPECIFIC IMPULSE vs (O/F)w OF HYDROCARBONS 
1000 psia/atm 
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Figure A1-12a. SPECIFIC IMPULSE vs (O/F), FOR 1,7 OCTADNNE, C8HrQ 
Assuming x = 9.80 kca I/gm Atom Carbon 
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Figure A1-13. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-20. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-21. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-22. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atrn 
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Figure A1-23. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 

NASA-C R-72438 
62637 



0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 
W F ) ,  

Figure AI-24. SPECIFIC IMPULSE (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure AI-25. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-26. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBON 
1000 psia/atm 

NASA-CR-72438 
62637 



Figure A1-27. SPECIFIC IMPULSE vs (O/F). FOR HYDROCARBONS 
1000 psia/atm 
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Figure AI-28. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-30. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
1000 psia/atm 
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Figure A1-31. SPECIFIC IMPULSE vs (O/F), FOR HYDROCARBONS 
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APPENDIX 2 

SOURCES OF DATA (HEAT OF FORMATION AM) DENSITY) 
AND METHODS OF ESTIMATION 

The following Table A2-1 lists the sources of the values given in  
Table J of the tex t  for heats of formation a t  298"K, 43fSs(LZ) and bHf298(g), 
the liquid density p, the melting point TM and the boiling point TB. In each 
column for a given property there is a number referring t o  one of the references 
i n  the subsequent Table A2-2, 
tha t  the value given was extrapolated from an experimental datum for that  cow 
pound given i n  the numbered reference, e,g,, 2 + E. 
given i n  the cited reference is often a t  20°C; the +E indicates an estimated 
correction to  25°C. 
formation [oHf298(L?) 1 is  labeled "Metliod", 
cates a measured heat of combustion; the symbol H indicates a measured heat of 
hydrogenation; the symbol E indicates a theoretical estimate. 
hydrogenation was measured i n  solution i n  a polar solvent, as is often the 
case, the resul t  of the measurement was taken as a measure of AHf(LZ) without 
allowance for the difference between the heat of solution and the heat of 
condensation of the hydrocarbon vapor under consideration. If the symbol i n  
the reference column is  E, without any accompanying number, the value used was 
estimated i n  the course of this  project. The methods of estimation used are 
described i n  a section following the list of references. 
column is blank, no estimate of the relevant quantity has been made. 

A number followed by the symbol +E indicates 

For example, the density 

The column following the reference column for heat of 
Tne symbol C i n  that  column indi- 

If the heat of 

If the space i n  a 

The compounds are listed i n  accordance w i t h  a structural  classifica- 
tion; for this  purpose, cubane and tetrahedrane are classified as polyhedral 
compounds. 
dispiranes, bicyclanes and tricyclanes, monocyclanes and cyclenes and 
miscellaneous which includes polyenes , 
numbered i n  accordance w i t h  the numbers assigned i n  Tables 3 and 4. 

Other classifications are acetylene derivatives, spiranes and 

For cross-reference, each compound is 

References are given t o  sources of data concerning some compounds 
that  are listed in  Table A2-1 but not i n  text Table j, The values referred t o  
here were used as base data i n  the estimation of some of the properties l is ted 
i n  Table 3 for which experimental data are lacking or were not found in  our 
search of the l i terature.  That search was not exhaustive; experimental data 
of which we are not aware may be available for some 

Methods for Estimating Heats of Formation a t  25°C 

Heat of Formation of Vapor in  Acyclic Systems 

Methods for estimating the standard heats 
of hydrocarbon vapors were publishe? simultaneously 

of the compounds listed, 

of formation DHf(g) (25°C) 
many years ago by Franklin&) 

and by Souders, Matthews and Hurd;2) a s h i l a r  method for esti;Ilating AQ(g) a t  
any temperature over a wide range has been suggested more recently by Verma 

n-se references a t  end of Appendix 2. 

NASA-CR-72438 - 59- Table A2-1 follows 



Table A2-1. SOURCES OF DATA ON HYDROCARBONS: DFNSITY, HEAT OF FORMATION, 
BOILING AND MELTING POIPJTS 

I 111. Spiranes and Dispiranes 
Spire( 2,2) pentane 
Spiro( 3,2) hexane 
Spire( 3,J) heptane 
Dispiro(2,1,2,l)octane 
Spiro(4,3)octane 
Spire( 4,4) nonane 
Dispiro( 3,1,3,l)decane 
Spire( 5,4)decane 
Spire( 5,5) undecane 
Spiro(6,5) dodecane 

R e f e r e n c e s  t o  Table A2-2. 

21 

40 
a 

46 
14 
13 

2a 
44 

40 
17 
43 
23 
16 

38 

15 
E 
E 
E 
E 
13 
E 
13 
13 
13 

15 
E 
E 
E 
E 

E 

12 
E 
12 
3a 
3a 
12 

21 
E 

12 

12 
12 
12 
12 
E 
20 
32 
25 

12 
12 
12 
12 
E 

E 

lmpirical 
Formula Number 

References 

Transition 
Temperature Heat of Formation 

- 
H 
- 
4 

10 
12 

a 

- 

: 
6 
4 
6 
6 
6 a 
a 
10 
10 
14 - 

a 
10 
12 
12 
14 
16 
16 

20 
22 

la 

- 

6 
a a 
10 
10 
10 
30 
12 
12 - 

6 
6 
a 
a a 

a 
10 
10 

10 
12 - 

4 
4 
6 
10 
a a 
12 
16 - 

- 
kthod 

- 
E 
C 

Hydrocarbons, by Structural Type 

I. Polyhedral Hydrocarbons 
Tetrahedrane 
Cubane 
Methyl Cubane 
Dimethyl Cubane 

Table 3 Table 4 

Density, p, 

kc;il/mole 

- 
C 
- 
4 
8 
9 
10 
- 

2 
3 
4 
5 
5 
5 
6 
6 
7 a a 
10 - 

5 
6 
7 a 
a 
9 
10 
10 
11 
12 
- 

4 
5 
6 
6 
6 
6 
7 
7 a 
- 

3 
4 
4 
5 
5 
5 
5 
6 
7 a 

__ 

2 
3 
4 
6 
7 
7 

14 
a 
- 

3 

E 
E 

2 (S) 

-----t- 11. Acetylene Derivative 
Acetylene 
Methylacetylene 
Dimethylacetylene 
1,k-Pentadiyne 
Isopropenylacetylene 
Cyclopropylacetylene 
1,5-Hexadiyne 
1-Ethynyl 1-Methyleyelopropane 
1,6-Heptadiyne 
1,7-0ctad iyne 
Dicyclopropylacetylene 
Di( methylcyclopropyl) acetylene 

12 
12 
12 
E 
E 
E 
E 
E 
E 

' E  
E 
E 

C 
C 
C 

12 
12 
12 

11 
4,5 
7,9 
5 

798 
6,7 
E 
E 
- 

16 
E 
14 

E 
1391' 

13 
13 
13 

7,a,37 + E 
7937 + E 

E E 
E E 

15~16 
E 
E 
E 
E 
13 
E 
13 
13 
13 

C 

C 

C 
C 
C - 

H 

H 
C 
C 

C 

33 
26 20 

37 2a 

IV. Bicyclanes and Tricyclanes 
Bicyclo(l,l,O) butane 
Bicyclo(2,1,0! pentane 
Tricgclo( 3, 1,0,02j4)hexane 
1,3-Dimethylbicyclo( 1,1,0) butane 
Cyclopropylcyclopropane 
Bicycle( 3,1,0) hexane 
1-Methyltricyclo( 3,1,0, 02>4)hexane 
Bicycle( 2,2,1) heptane 
1,4-Dimethyltricyclo( 3,1,0, 0294) hexane 

V. Monocyclanes, Cyclenes, and Cyclodienet 
Cyclopropane 
Cyclobutene 
Cyclobutane 
Methylenecyclobutane 
1-Methyl cyclobutene 
Cyclopentane 
1-Methyl cyclobutane 
1,4-Cyclohexadiene 
l-Methyl-1,4-cyclohexadiene 
trans-1,2-Divinylcyclobutane 

E 
19 
E 
18 

33J 
20 
E 
26 
E 

33 

26 

- 

12 

22 

12,22 

__ 

12 
12 
12 
12 
31 
30 

25 - 

26 
12 11 

34 
31 
36 
33 

41 
38 

21 
E 
22 
19 

19+ E 
12,22 
E923 

E 
E 
E 

12 

12 
38 
54 
12 

30 
E 
24 j 42 

10 
20 10 
39 33 

VI. Miscellaneous 
Ethylene 
Allene 
1,3-Butadiene 
1,5-Hexadiene 
Quadricyclene 
Bi eyelo( 2,2,1) heptad iene-2,5 
1,3,7-0ctatriene 
SHELLDYNE 

12 
12 
12 

E 

E 
25 

26,27,28 

12 
12 
12 
12 
29 

32 
25 

2a 

- 

NASA- CR-72438 
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Table A2-2. REFERENCES FOR TABLE A2-1 ONLY 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 

16 . 
17. 

18. 

E. B. Fleischer, J. Am. Chem, SOC. 86, 3889 (1964); 
Cubane. 

Crystal ,!%z~cture of 

B. D. Kybett, S, Carroll, P. Natalis, D. W. Eounell, J- Le m g r a v e  and 
J. L. Franklin, J. Am, Chem. SOC. 88, (31, 626 (1966); ThermQmmic 
Properties of Cubane. 

W, Weltner, Jr., J. Am. Chem. SOC. 

Ya, M, Slobodin and N. Shokhor, Zn. Obs. Khim.  22, 195-9 (1962). 

V, S. Zavgorodnii and A. A. Petrov, Zh. Obs. Xhim. 34, (61, 1931-6 (1964). 

J. Happel and C. J. Marsel, "kLcetylenic Compounds for Rocket Fuels", 
New York University Report If5J-17'5.9, December 1952, prepared under 
Contract Nom-28 j [ 04) for ON/Buher. 

4224 (1963). 

Shell Development Company, Report 5-13526. 
September 1953 (Confidential), Contract NOas 52-808c, Department of the 
Navy, Bureau of Aeronautics. 

A, Heme and K, W. Greenlee, J. Am. Chem. SOC. 67, 484 (1945) . 

Final Report, February 1952- 

R. A. Raphael and F. Sondheimer, J. Chem. SOC, 1950, 120. 

P, Naro, 5. Chem. Eng. Data 10, 26 (1965). 

Shell Development Company, Report S-13353, "Acetylenic Compounds for 
Rocket Fuels", Final Report, April 1951-January 1952 (Declassified) , 
Contract NOas-51-709c, Department of the Navy, Bureau of Aeronautics . 
Reports of API Research Project 44, "Selected Properties of Hydrocarbons 
and Related Compounds", 

M. P. Kozin, A. K. Mireaeva, I. E. Sosina, N. V. Elagina and S. PI. 
Skuratov, Doklady Chemistry 155, 375 (March-April 1964) . 
E, R. Buchman 

F. M. Fraser and E. J, Prosen, J. Res, Nat. Bur, Standards 2, 143 (1955); 
Heat of Combustion of Spiropentane. 

D. W. Scott e t  a l ,  J, Am. Chem, SOC. '& 4664 (1950); Thermodynamic 
Properties of Spiropentane. 

X. B. Wiberg e t  al ,  Tetrahedron 3 2749 (1965). 
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and Dorais~amy.~) 
25"C), as assigned by these authors, are  l i s ted  in  Table A2-3 together with 
l i t e r a tu re  references. 
t ions from data assembled i n  the reports of API Research Project 44. 
are also l i s t ed  i n  Table A2-3; the various estimates are not grossly different .  
"lie group contribution for cyclopropyl was obtained from our estimate of the 
heat of formation of methylcyclopropane by methods given later i n  t h i s  section. 
It w i l l  be noticed that our estimate is higher than tha t  given by other 
authors by 3 kcal/mole or more; t h i s  difference affects the heats of formation 
estimated for  compounds l ike  dicyclopropyl and cyclopropylacetylene. 

The contributions of various s t ructural  features t o  &f(g, 

We have made independent estimates of group contribu- 
Our values 

For some hydrocarbons, the sum of the group contributions m u s t  be 
corrected for s t r a in  or for conjugation. 
various authors are l i s ted  i n  Table A2-4. 
proposes a correction for conjugation between a double bond and a t r i p l e  bond; 
for this  correction we have chosen t o  use the same value as for the conjugation 
between two double bonds. This was done on the basis of the notion that  when 
the p i  electron wave function on a double bound interacts completely w i t h  one 
of the p i  electron wave functions of a t r i p l e  bond it w i l l  be orthogonal t o  the 
other . 

The corrections proposed by the 
None of the published systems 

Heat of Vaporization of - Liquid a t  25°C 

A value of AHf(d) rather than AHf(g) is needed for an estimate of 
the enthalpy available for thrust  generation from the combustion of a liquid 
fuel; an estimate of AHv, the  enthalpy of vaporization a t  the temperature 
assigned t o  the liquid fue l  i n i t i a l l y  (usually 25°C) is  needed for th i s  purpose. 
The energy of vaporization, approximately equal t o  DHv-RT, is l ikely to  be 
better approximated by a sum of group contributions than is OHv i t s e l f ;  even 
th i s  quantity, however, is sensitive t o  de ta i l s  of molecular packing so that 
its representation as a sum of group contributions is not very precise. I f  
only hydrocarbons are to  be considered, however, the error i n  this approxima- 
t ion is  not large. We have therefore used the data agsembled i n  the reports 
of API Research Project 44 t o  estimate group contributions t o  AHV(25"C)-O.596 
kcal/mole. The basis used for this  estimate is  the high-temperature asymptote 
approached by the average increment i n  AHV(25"C) per C& group with increasing 
boiling point among the normal paraffins; this value was used to  derive an 
average value f o r  the CH3 group, again for the normal paraffins, These values 
were used t o  obtain estimates for the other groups. 
was made of some scanty data assembled i n  Timmerman's compilation. The values 
obtained by this procedure are listed i n  column 6 of Table A2-3. 

For the acetylenes, use 

This estimate of AHv has been checked by an alternative procedure 
For a number of simple for those compounds whose boiling points are known. 

cyclic compounds it has been observed tha t  the Trouton constant varies between 
the l i m i t s  20.2 and 20.9 entropy units, with an average value of 20.5 e.u. 
For these same compounds, on the basis of data give i n  the reports of M I  
Project 44, we have observed tha t  the r a t i o  A H v ( T ~ >  ? AHv(25"C) increases with 
boiling point nearly l inear ly  from 1.00 a t  a boiling point of 25°C t o  1.14 a t  
110°C. The heat of vaporization a t  the boiling point obtained from a Trouton 
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Table M-3. GROUP CONTRIBUTIONS TO STANDARD HEAT OF ,NRMATION OF 
VAPOR AND TO ENERGY OF VAPORIZATION OF LIQUID 

HYDROCARBONS AT 25°C (KCAL/MDLE) 

(1) This work. 
(2) 
( 3 )  
(4)  

J. L. Franklin, Ind. Erg. Chem. 41, 1070 (1949). 
M. Souders, C. So Mattliews and C. 0. Hurd, ibid. 2, 1048 (1949). 
K. X. Verma and L. K. Dorziswamy, Ind. bg. Chem. Fundamentals 
3 389 (1965). 

(1) 

-10.13 

-4.93 

-1.5 

1.3 

15.0 

-3.? 

18.5 

17.6 

20.1 

54.5 

55-6 

(16.2) 

Lrsbon f 

(2) 

-10 . 12 

-4.925 

-1.09 

0.80 

15.0 

-3.35 

13.88 

17.83 

20.19 

54.44 

54.68 

13.28 

)m end 

-10.05 

-4.95 

-1. 57a) 
-0. 8Sb) 

0. 
2.45b) 

-3.46 

18.56 
18.406) 

17.40 

20.12 
19.95') 

54.69 

55.30 

(4)  

-10.25 

-4.95 

-1.85 

0.62 

15.02 

-4.22 

17 96 

17 83 

20.10 

54.49 

54.77 

12.38 

chain or carbon 

Group 
I 

-CH3 

-CH2- 

1 

1 
-CH 

1 

t 
-C- 

-CH=CH2 

I 
-C=CH2 

1 1  
HC=CH c i s  

t l  
HC=CH trans 

C=CH 
1 

1 1  

H C S -  

4s- 

H2 HZ Dc" 
a) Second 

b) 
c) In 6-membered afiphatic ring. 
d )  

r ing.  
Third or higher carbon from end i n  aliphatic chain. 

"%.shielded" 
structures, as i n  cubane, bicyclobutane or bicyclopentane. 

He- groups are those protruding from cyclic structures 

1.18(2) 

0.87 (chain) 
1.1-1-3 ( "unshieldedttd) 

0.40 

2.03 

2.01 

2.31 

2.34 

2.7 

3- 5 

.n &membered aliphatic 
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Table A2-4. CORRECTIONS TO uHf(g) FROM SUM OF 
GROUP CONTRIBUTIONS 

kcal/g mole 

i 
Configuration 

C3 saturated ring 

C 4  saturated ring 

C5 saturated ring 

C6 szturated ring 

%TO -CH groups adjacent 
1 

1 

2 

1 
CH and -C- adjacent 

1 

I Three -CH groups adjacent 

H H  
Conjugation =C-C= 

H H  
In &ring, =C-C= 
a) Column 

Souders, Matthews and Hurd ( loc cit 
t o  Verma and Doraiswamy (loc c i t )  . 

I 

+24.22 

ca 18.4 

-5.68 

-0.45 

2.5 

1.9 

3 

a 7 5  

2.39 

2: 30 

-3.38 

-4.45 

-2.10 

-1.76 
mi 
: column 

4 

+24.13 

18.45 

5.44 

-0.76 

-1.20 

ZiT3-53 
,4) refers  
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constant of 20.5 e.u, was corrected t o  25°C on the basis of t h i s  rough rule. 
In most cases the two independent estimates of &Iv agreed within the precision 
expected for  the estimation of DHf(g). 

Heat of Formation of Vapor i n  Cyclic Systems 

\!e have used the  group additivity method primarily for molecules tha t  
do not contain small strained rings (an exception was made for  cyclopropyl 
substituents), For the  ring systems we ha e used a formalism proposed origin- 
a l l y  by Allen'.) and extended by Skinner. 'y 
for  the heat of formation of the "unstrained" molecule; corrections for  s t r a in  
are added t o  t h i s  value. 

This formalism leads t o  a value 

The advantage of the Allen scheme is tha t  it takes specific account 
of the so-called nonbonded interactions i n  a molecule by introducing two 
parameters which we sha l l  c a l l  E2 and E3. These parameters describe the 
resultant effect  of nonbonded interactions between pairs  of bonds radiating 
from a given carbon atom (E2) or amng groups of three bonds radiating from a 
given car on atom (E3); the i r  detailed significance has been>discussed by 
Skinner. 'j 
occurs N2 times: once for  each carbon atom i n  an unbranched cyclane, Le. ,  
for each -CH2- group, three times for each t e r t i a ry  carbon atom and s i x  times 
for  each quaternary carbon atom. once for  
each t e r t i a ry  carbon atom and four times for each quaternary carbon atom. The 
unstrained heat of formation of a hydrocarbon of given structure type contain- 
ing n carbon atoms then depends on the  number of C-C bonds, the number of CH 
bonds, etc. and the  nonbonded interactions, and can be written i n  terms of n 
and the heats of formation of methane and ethane. The value assigned t o  the 
parameter E2 by Skinner is +2.58 kcal/mole; Allen originally proposed -0.65 
kcal/mole for  E3; we have preferred t o  use the value -0.55 kcal/mole 
subsequently recommended by Skinner. 

In  the expression for the  heat of formation, the parameter E;? 

The parameter E3 occurs N3 times: 

Let C and H, respectively, represent the heat of formation of atomic 
carbon and hydrogen i n  the i r  ground s ta tes  from the elements i n  tne i r  standard 
states,  and l e t  CC, CH, respectively, represent the carbon-carbon and carbon- 
hydrogen single bond enthalpies. Then for a saturated hydrocarbon containing 
n carbon atoms, (2n-a) hydrogen atoms and (il-tb) carbon-carbon single bonds, 
the heat of formation is 

AHf = nC + (2n-a)€i - (n+b)CC - (en-a)CH - I I- S 

where I = NzE2 + N j E 3  terms and S represents the s t r a in  enthalpy. 

&If = n[(C-CC> -t 2(H-CH)] - bCC - a(H-CH) - I + S. 

Then 

Applying t h i s  expression t o  the heat of formation of methane and ethane, we 
obtain 

(C-GC) + 2(H-CH) = AHf(C2&,g) - AEf(CH4,g) = -2.347 
and 

CC + 2(H-CH) Wf(CH4,g) - luIf(C2&,g) -15.542. 
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These expressions a re  used t o  express the heat of formation in terms of the 
very well known heats of formation of methane and ethane, together w i t h  values 
for I and S, 

With this  approach, we derive the following expressions i n  kcal/g 
mole for different kinds of saturated cyclic hydrocarbon structures a t  25OC: 

Unicyclanes 

OHf(g) = -2,3431 - 2.580 N 2  + 0.55 N3 + strain.  

Unsubstituted Unicyclanes 

&If = -4,92711 + strain.  

Rere the parameter E2 has been assigned the value 2,560 rather than simply 
2.58 for numerical consistency, 

Bicyclanes and Spiranes 

A hydrocarbon of n carbon atoms having either of these structures 
carries n + 1 CC bonds and 2(n - 1) CH bonds. 
type can thus be written, i n  kcal/mole, 

The heat of formation for  either 

s t r a in  = 15.542 - 2.347n - 2.580 N2 + 0.55 N3 + strain. 

Unsubstituted Spiranes 

Here Na = n + 5; N3 = 4. 

&If = 4.79 - 4.92711 + s t ra in  

Unsubstituted Bicyclanes 

Here N 2  = n + 4; N3 = 2. 

AHf = 6.32 - 4.92711 + strain. 

D ispiranes and Tr i cyclanes 

A hydrocarbon with either of these structures having n carbon atoms 
carries (n  + 2) CC bonds and (2n - 4) CH bonds. Then 

nHf(g) = (n c 2) AHf(c~&,g)  - (n f 4) Wf(C&,g) - N2E2 - N3E3 

+ s t r a in  energy = 31.084 - 2.34711 - 2.580 I?2 + 0.55 N3 

+ s t r a in  i n  kcal/mle. 
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Unsubstituted Dispiranes 

H e r e  N2 = n + 10 and N3 = 8, 

&If = 9r68 - 44927n kcal/mole + s t r a in  enthalpy, 

Unsubstituted Tricyclanes 

Here i\r, = n + 8 and N3 = 4. 

= 12.64 - 4.927n kcal/mole + s t r a in  enthalpy. 

Strain Enthalpy 

We have computed the s t r a in  enthalpy i n  hydrocarbons containing small 
rings as  a sum of contributions from several specific effects. 
ing discussion we  w i l l  use the terms s t r a in  energy a d s t r a in  enthalpy 
interchangeably, though it is not precise t o  do so. '7 
attempted t o  estimate the deviations of XCH and HCC bond angles i n  strained 
hydrocarbons from the i r  normal values. 
have lengthened the  calculations considerably. 
therefore be taken as approximate. 

In  the follow- 

FJe also have not 

A consideration of these matters would 
The discussion given here should 

lfJe have considered the following contributions t o  the s t r a in  energy: 

1) In t r ins ic  ring strain.  This is the  s t r a in  result ing from non- 
bonded interactions and angular deformation ii1 the carbon framework of a small 
ring. It  is cierived by correcting the heats of formation of tine unsubstituted 
cyclanes for  other identifiable effects, enumerated below. 

2) H-H eclipse. This is  the s t r a in  (destabilization) resulting from 
tine eclipsed conformation of a pair  of C-H bonds separated from each other by 
one carbon-carbon single bond. In  the eclipsed conformation of ethane, there 
are three such interactions. 
pair  is thus taken t o  be one third of the  rotational barrier i n  ethane, or 
0.95 kcal/mole. I n  the case of pa r t i a l  eclipse, the energy is taken t o  be 

The strain-energy contributed by each eclipsed 

VHH = 0.95 (1 - cos 39)/2 kcal/mole 

where cp is the angle through which one of the CH bonds i n  question has been 
rotated from the staggered conformation around the connecting C-C bond as  axis. 
In  the eclipsed conformation, cp = 60". 

3 )  H-C eclipse. This is a s i m i l a r  effect  t o  H-H eclipse, but the 
pair  of bonds involves one C-H and one C-C a t  opposite ends of the  connecting 
carbon carbon bond. 
with much less certainty than tha t  for  H-H eclipse. We have taken it t o  be 
1.50 kcal/mole per eclipsed pair; for  pa r t i a l  eclipse the s t r a in  energy has 
been taken t o  be 

Tile s t ra in  energy result ing from H-C eclipse is  known 
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This choice was made on the basis of b r i e r  heights opposing free rotation i n  
propane, ethyl cyanide and isobutane. '3 This effect  makes a significant 
contribution t o  s t ra in  energy in  the spiranes; the uncertainty concerning its 
magnitude is therefore unfortunate. 

4) Here the eclipsed C-C bonds a re  a t  opposite ends 
of a connecting C-C bond, A simple example occurs in  cis-1,2-dimethylcyclo- 
propane. The enthalpy of this comgomd has been shown by Flowers and l?rey8) 
t o  be higher than that  of the corresponding trans compound by 1.1 kcal/mle. 
Whether th i s  effect is  similar i n  kind t o  H-H overlap is far from clear; it is 
possible that  the repulsion between eclipsed C-CH3 bonds is differeat  from tha t  
between eclipsed C-CH2 bonds i n  ring systems. 
derive from the resul t  reported above 

C-C eclipse, 

Ignoring th i s  possibility, we 

HH + CC -2HC = 1.1 kcal/mole, 

Assuming the values for HH and HC eclipse from (2) and (3 )  above, we obtain a 
contribution of 3.1 kcal for each pair  of eclipsed neighboring C-C bonds. 
uncertainty in  th i s  estimate would be resolved by an accurate heat of combustion 
or hydrogenation for dimethylcyclopropane, 
s t ra in  energy is  not counted for  those C-C bond eclipses that  occur within the 
framework of a single C 3  or C4 ring, since these contributions are taken to  be 
a part of the intr insic  ring strain. 

The 

Note that a contribution t o  the 

5) Apical Spirane Angular Strain. \hen a small cyclane is formed, 

In general they are believed to  expand t o  around 112" in  cyclo- 

I n  a small-ring spirane, however, the t w o  C-C-C bond angles 

the external HCH bond angles are free to adjust t o  the abnormally small CCC 
bond angles. 
butane and aec rding to  recent electron diffraction data, t o  115 
cyclopropane. ''3 
sharing a common vertex are  boVl constrained t o  be abnormally small. 
reasonable t o  a t t r ibute  an additional angular s t ra in  energy t o  this effect. 

1" in 

It seems 

Results for Various Molecular Structures i n  Cyclib Systems 

kcal/rnole 
Cyclopropane: 
aHf(g), experimental ( 2 5 0 ~ )  11.9 
Strainless bHf(g), calculated -14.79 
Total s t ra in  energy 26.7 
Conformational strain,  H-H eclipse 5.7 
Intr insic  C 3  ring s t ra in  21.0 

Cyclobutane: 

&f(g), experimental 6.39 

Total s t ra in  energy 
H-H eclipse (x8) 7.6 
Intrinsic C 4  ring s t ra in  18.5 

Strainless &If, calculated -19 e 71 
26 . 10 
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Methylcyclobutane: 
kcal/mole -- 

DHf(g), experimental -4.0 -1: 3.5 
Unstrained GHf, calculated 
Total s t r a in  energy 22.7 4 3.5 
H-H eclipse ( 6 )  5.7 
H-C eclipse (2) 3.0 
Total conformational s t r a in  8.7 

-26 e 7 

In t r ins ic  C4 ring s t r a in  14.0 * 3.5 

The high uncertainty attached to  the experimental value i n  t h i s  case 
was assigned because of the discrepancy of 3.5 kcal/mole between the heat of 
formation obtained by the same authors for spiropentane and more recent and 
precise data. 
tdken the in t r ins ic  C4 ring s t r a in  t o  be 18.0 kcal/mole. 

In view of t h i s  suggested experimental uncertainty, we have 

(2) B i  and Tricyclanes 

Bicyclo ( 2,1,0) pentane 

The heat of hydrogenation t o  cyclopentane has been measured by Turner 
(Table M-2,  Reference 19) as 55.1 kcal/mole i n  solution. 
estimate AHf(g) t o  be 36.7 kcal/mole, and the t o t a l  s t r a in  energy t o  be 55.0 
kcal/mole. 
estimated the relevant bond angles by the following approximation: 

From t h i s  resu l t  we 

In order t o  estimate the contribution of H-C eclipse we have 

Two neighboring H atoms on the same side of a cyclobutane ring, 
together with the C atoms t o  which they are bonded, define a plane. 
two H atoms are  replaced by a CE2 group, assume that  the added C atom l i e s  i n  
t h i s  plane, and forms an equilateral  tr iangle with the two C atoms t o  which it 
is bonded. The remaining bond angles are assumed t o  be as i n  cyclobutane and 
cyclopropane. This model can be only an approximation t o  the truth. 
Representing the structure of bicyclopentane by the projection below 

M-~en these 

we conclude that the eclipse interaction between the CH bond a t  2 and the CC 
bond 1-5 is  neg1igible;the interaction between the CH bond a t  5 and each of the 
CC bonds 1-2 and 4-3, however, is estimated t o  be 0.7 kcal/mole. The t o t a l  
contribution of eclipse interactions is thus estimated t o  be 8.0 kcal/mole, 
leaving a balance of 47.0 kea1 for  ring strain. 
of the ring s t ra ins  i n  cyclopropane and cyclobutane by 8.0 kcal/mle. 

This is larger than the sum 

-69- 



- Tricycle( 3,1,0, 02J *)hexane 

This molecule is  constructed by adding a carbon atom t o  bicyclopentane 
t o  form a second cyclopropane ring direct ly  across the  cyclobutane ring from 
the f i r s t .  The two cyclopropane rings can have a conformation tha t  is  either 
c i s  or trans w i t h  respect t o  the cyclobutane ring. In the c i s  conformation 
there will be 8 H-H, 2 C-C and 4 pa r t i a l  H-C eclipse interactions for a t o t a l  
contribution of 16.6 kcal/mole if the high value chosen for the C-C eclipse 
interaction is val id  (it may well be too high) or around 13.5 kcal i f  a lower 
value is used. 
HC eclipse interactions for  a t o t a l  contribution of 8.5 kcal/mole. 
therefore be the s table  conformation. 

In the trans conformation, there w i l l  be only 6 HH and 4 pa r t i a l  
This should 

To estimate the ring strain,  we apportion the ring s t r a in  i n  bicyclo- 
pentane as follows: 
half of the ring s t r a in  i n  cyclobutane to  positions 2 + 3, for  a t o t a l  of 16.0 
kcal. This leaves a balance of 31.0 kcal/mole for the configuration around 
positions 1 and 4. Tlis configuration occurs twice i n  the bicyclohexane. 
we assign a ring s t r a in  of 62. + 14.0 or 76.0 kcal/mole to  the C, compound. 

l / 3  of the ring s t ra in  i n  cyclopropane t o  position 5 and 

Hence 

The estimated t o t a l  s t r a in  energy i n  trans tricycle( 3,1,0,0)hexane is 
thus 84.5 kcal/mole, and the heat of formation i n  the gas phase i s  estimated t o  
be 67.6 kcal/mole. 
a t  25°C t o  be about 5.60 kcal/mole. If we allow a contribution of 1.18 kcal 
per C& group t o  (AHrRT) from Table A2-3 we obtain a contribution of 2.6(4) 
kcal per pair  of r ing CH groups i n  a polycyclane. Thus we estimate the heat 
of vaporization of the tricyclohexane t o  be about 8.2 kcal/mole. 
estimated heat of formation i n  the liquid phase for the  trans tricyclohexane 
is 60.0 kcal/mole. 

We estimate the heat of vaporization of bicyclobutane (q.v.) 

The f ina l  

The r e l i a b i l i t y  of this estimate is  quite uncertain. 

Bicyclobut ane 

The heat of hydrogenation of 1,3-dimethylbicyclob~e i n  solution 
t o  form an analyzed mixture of 133-dimethylcyclobutane (0.15 t o  0.21 mole/mole) 
and 2-me hylpentane (0.85 t o  0.79 mole/mole) has been measured by R. B. Turner 
e t  al. lo$ From the i r  resu l t s  they derive for 1,3-dimeth~-lbicyclobutane a 
value DKf(g) = +38.5 f 1 kcal/mole. By an independent analysis of the i r  data 
we derive from the i r  two experiments AHf(.C) = +32.10 and +3O.42 kcal/mole for 
a mean of 31.3 k 1 kcal/mle. 

From vapor pressure measurements i n  the temperature range -21 t o  8°C 
(detai ls  not given) K. B. Wiberg e t  a1 (see Table A2-2, ref 17) derive an 
average heat of vaporization for  unsubstituted bicyclobutane of 6.04 kcal/mole. 
From this  and the &Iv vs T curve estimated by C, V. Sternling a t  these 
laboratories we obtain a heat of vaporation a t  25OC of 5.6 kcal/mole. 

cyclopentane (average of c i s  and trans) and cyclopentane is  1.41 kcal/mole 
from the API 44 Tables, 
1.36 kcal/mole. 
bicyclobutane as 6.9 kcal/mle a t  25OC. 
f 1 kcal/mle i n  good agreement w i t h  the estimate of 36,5 by Turner e t  al. 

The difference i n  heat of vaporization a t  25°C between 1,3-dimethyl- 

The corresponding difference i n  the cyclohexanes is 
We therefore estimate the heat of vaporization of 1,3-dimethyl- 

T h i s  leads t o  AHf298(g) equal t o  +38.2 
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From t h i s  point we can proceed i n  several ways to  estimate AHf for 

This leads t o  AHf(g) (bicyclobutane, 25°C) of 

bicyclobutane. 
AHf(g, 25°C) between cgclopentane and 1,3-dimetl~lcyclopentane (average of C i s  
and t rans)  is 13.7 kcal/mole, 
51.9 

The most straightforward is t o  observe that  the difference i n  

3 kcal/mole where the uncertainty is a guess. 

We choose as the values t o  use for bicyclobutane 

AHf(g) = 52 2 3 kcal/mole 
DHf(d) = 46 3 kcal/mole. 

The s t r a in  enthalpy of bicyclobutane on th i s  basis is 65. (3) kcall  
mole; of this 6 or 7 ?mal can be attributed t o  eclipse interactions. 
balance of 58-59 kcal is  more than twice the in t r ins ic  ring s t r a in  i n  cyclo- 
propane by 16-17 kcal/rmle. 
from additivity -ban was observed i n  the case of bicyclopentane. 

The 

This is, not surprisingly, an even larger departure 

( 3 )  Spiranes and Dispiranes 

~piropentane( 2 2 1 

pxperimental BHf(g) , kcal/mole 44.9 
Total s t r a in  energy, lical/mole 63.7 
H-H eclipse, 4 x 0.95 kcal 3.8 
H-C eclipse, estd, 8 x 1.02 kcal 8.2 
Ring s t r a in  (balance) 51.7 

Thus the ring s t r a in  is greater than twice the ring s t ra in  i n  cyclo- 
propane by a margin of 9.7 kcal/mole on this  basis. 
energy is greater than twice that i n  cyclopropane by a margin of 10.3 lrcal/mole. 

Indeed, the t o t a l  s t ra in  

This discrepancy may be attributed t o  qbnormal C-C-C bond angles 
between the two rings. 
which corresponds t o  a C-C-H angle of 125.3". 
the  corresponding inter-ring C-C-C bond angle has been enlarged t o  138.5". 
deformation is then 13.2" or  0.392 radians. 
described as 

In cyclopropane, the HCH bond angles are  about 116", 
In spiropentane we estimate tha t  

The 
The excess s t r a in  energy can be 

The excess of 9.7 kcal/mole distributed over four bond angles corresponds t o  a 
value for the force constant k' of 91 kcal/mole radian2, which is reasonable 
i n  order of magnitude though a l i t t l e  high, 
expression for  the t o t a l  apical angle s t r a in  enthalpy i n  a sp i rme 

!.be therefore choose as an 

M = 5.56 x lom2 (be, deg)2 lical/mole 
where B 3  is the deformation i n  degrees of a single apical C-C-C bond angle 
from i ts  unconstrained value. 

Spirononane( 4,4) 

Experimental DHf( g ) , kcal/mole -24.4 
Strain energy, kcal/mole 15.1 
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This is greater than twice the s t ra in  energy in cyclopentane by 
Most of the s t ra in  i n  cyclopentane comes from H-H eclipse. 2.7 kcal/mle, 

I n  spirononane, 4 of the H-H eclipse interactions are replaced by H-C inter- 
actions; this is expected t o  increase the s t ra in  energy by 2,2 kcal/mole, i n  
agreement with observation within the accuracy of the model. 

Bond angles i n  t h i s  molecule should be approximately normal. One 
therefore expects no additional s t ra in  from abnormal bond angles a t  the apical 
carbon atom. Similar conclusions are reached from a consideration of the 
experimental heats of formation i n  the spiro( 4,5)decane, where a 5-carbon and 
&carbon ring share a commn carbon atom, and i n  spiro(5,5)undecane. 
observations support the idea tha t  the extra s t r a in  energy i n  spiro(2,2)pentane 
is t o  be attributed t o  the abnormal C-C-C bond angles between carbon atoms on 
two different rings through the central carbon atom, 

These 

I f  we take the cyclobutane rings i n  this compound t o  be planar, and 

The HCH bond angle i n  
the C-C-C bond angles within the cyclobutane rings t o  be go", 'neither of which 
is  s t r i c t l y  true, the apical C-C-C bond angle is  120". 
cyclobutane is 112" corresponding t o  a CCH bond zngle of 113.3". 
apical angle s t ra in  is 6.7", and the corresponding s t ra in  enthalpy is  2.5 kcal/ 
mole. 
pair of bonds. 

Then the 

The H-C eclipse enthalpy is estimated t o  be 1,4 kcal per interacting 
We then estimate the heat of formation as follows: 

kcal/mle 
Strainless DHf(g) -29.2 
Ring strain,  2 x 18.0 36.0 
H-H eclipse, 8 x 0.95 7.6 
H-C eclipse, 8 x 1.4 11.2 
Apical an l e  s t ra in  2- 5 
Net N f ( g  7 28.1 

The heat of vaporization a t  25°C from additive contributions is about 
From Trouton's rule  and the boiling point it is  estimated t o  be 8.1 kcal/mle. 

about 7.7 kcal/mole a t  95°C; an increase t o  about 8.5 a t  25'C is not u~e8soi l -  
able. 
kcal/mole for  DHf(3), with an uncertainty of 3 o r  4 kcal/mle 

We choose a value of 8.3 kcal/xmle for AH, and f inal ly  obtain 19.8 

~ p i r o  ( 2,3) hexane 

Again assuming the cyclobutane ring t o  be planar w i t h  90" C-C-C bond 
angles, we obtain 

Unstrained DHf( g 1 
Ring strain, 21.0 + 18.0 
H-H eclipse, 6 x 0.95 
H-C eclipse: 

Net DHf(g) 
Net o~f(2) 

C on 3-ring, H on bring 
C on br ing ,  H on 3-ring 

5.0 
4.8 
36.2 
29e 3 
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I n  t h i s  case the  apical angle s t r a in  was calculated ad the mean of the Strain 
energies corresponding t o  the difference between the  apical C-C-C bond W l e  
and the C-C-H bond angles i n  cyclobutane and cyclopropane. 

estimate s t r a in  energies for dispiro(2,2,2)octane and dispiro(3,2,3)decWe. 
"he resu l t s  obtained for spirohexane and spiroheptane were used to 

Sources of Uncertainty i n  Spirane Estimates 

The bond angles i n  the spiranes and dispiranes have been estimated 
only very roughly, and these affect  the estimates of t he  s t r a in  energy 
associated with both apical angle s t r a in  and 3-C eclipse interactions. 
addition, the magnitude of the H-C eclipse interaction, as  remarked earlier,  
is quite uncertain. It is therefore possible tha t  the 
formation of these compounds are too high. To be conservative, we therefore 
assigned a range of values t o  these heats of formation; t he  lower value indi- 
cated for  each compound on the basis of a rough guess is probably too low, and 
the higher value is  quite possibly too high. 

In 

estimated heats of 

RANGE OF ESTIMATES FOR Hf(.O) 

Spire( 2,311iexane 29.3 - 26.0 
Spiro ( 3,3 heptane 19.8 - 16.2 
Dispiro ( 2,2,2 oct ane 56.7 - 50.0 

35.3 - 29.3 
Spire( 3,bjoctane -6.6 - 8.0 
Dispiro( 3 2,3)decane 

Tetrahedrane and the Cubanes 

hi experimental heat of combustion and an average heat of sublimation 
from the temperature de ndence of the vapor pressure have recently become 
available for cubane. ily The s t r a in  energy, then, is 161 kcal/mle on the 
basis of our table  of group equivaleats and 162 kcal/mle on the basis of the 
Allen scheme. 

The s t r a in  energy attr ibutable t o  "H-€-I eclipse" interactions is about 
11 kcal/mole. 
skeleton of cubane is about 150 kcal/mole. 
than 6 times the in t r ins ic  ring s t r a in  associated with each cyclobutane face 
of the cube; the  enhancement is similar i n  kind to  that  encountered i n  
bicyclobutane and bicyclopentane. 

Thus the "intrinsic s t ra in"  enthalpy associated with the carbon 
This is larger by 51-54 kcal/mole 

&om the  vapor pressure data the average heat of sublimation is 19.2 
kcal/rmle and the boiling point is 95 t o  140°C; a value around 125" seems not 
unlikely; the melting point (l3O"C) is  s l igh t ly  higher. From Trouton's rule, 
the heat of vaporization of the liquid would be about 8.3 kcal/mole a t  the 
boiling point or  9.6 kcal/mole a t  25°C; our rough method of group equivalents 
leads t o  a value i n  the range 9.4 t o  11.0 for  the l a t t e r  quantity. 
tha t  the heat of fusion a t  the melting point is 10 or 11 kcal/mole, with a 
corresponding entropy change of 25 t o  27 eu. This high value implies tha t  
cubane does not rotate  freely i n  the solid; the potential  entropy gain on solu- 
t ion may make it appreciably soluble i n  suitable hydrocarbons a t  room 
temperature. 

This implies 
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In  metmlcubane the heat of formation should be lowered by replacement 
of a CH bond by a C - C b  bond and raised by replacement of 3 "H-H eclipse" 
interactions by 3 G-H eclipse interactions. 
a change of -5.8 kcal/mle i n  DHf(g). 
correspondingly be increased by about 0.2-0.5 kcal/mole. 

The estimate of AHf(g) i n  Table 3 for  tetrahedrane (tricyclo- 
[ l , l , O , ~ ~ * ] b u t a n e )  is based on an estimate of the s t r a in  energy published by 
Weltner12) on the basis of semi-empirical quantum mechanical calculations. It 
should be noted tha t  the definit ion of s t ra in  energy used by him is not 
identical  with that used here. The r e l i a b i l i t y  of t h i s  estimate is not Imown; 
his calculated value of AHf(g) for cubane was 150-160 kcal/mole, however, as 
compared t o  the experimental value 149. 

The net effect  is estimated to be 
The heat of vaporization a t  25" will 

Methods t o  Estimate the Density of Liquid Eydrocarbors (by A. A. %&i) 

Purpose and Scope 

The liquid density data required i n  the present program are  only 
rarely available and must therefore be estimated, i f  possible, from molecular 
structure data alone, or from whatever other physical property data may be 
available. 
able t o  provide quantitative liquid property estimates, and the  general 
avai labi l i ty  of WR spectroscopy which has tended t o  replace a l l  other means 
of characterizing organic - especially hydrocarbon - compounds. 
on novel compounds therefore often lack the previously common density, 
refractive index, or boiling point information. 

The problem is aggravated by two phenomena, the absence of a theory 

Recent reports 

Three methods have been employed t o  estimate the density of liquid 

From molar re f rac t iv i ty  correlations (tlhen refractive index 
data are  available). 
A group increment scheme for  molal volume. 

pwe hydrocarbons : 

1. 

2. 
3. A packing densit3 correlation. 

Density From Refractivity Correlations 

If one assumes re l iab le  group increment additivity of the molar 
refract ivi ty  [R 1, where 

(A2-1) 

the density (p)  of a compound a t  temperature T can obviously be estimated from 
i ts  refractive index Q,, - obtained a t  frequency w and a t  the same temperature 
T via 

where M = molal weight. 
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The li er ture  is replete  w i t h  atom and bond refraction 
i n c r e m e n t ~ . ~ ~ ) ~ ~ j ~ ~ i f  The user should remember, however, that the various 
schemes are  not ent i re ly  consistent with each other, so- that  increments a re  
not transferable, 
scheme contains provision for highly strained three dimensional r ing systems- 

The scheme he selects  he must s t ick  with. No existing 

Inspection of the available information assembled i n  Table E - 5  
shows that the r ing increments proposed by Vogela) axe not entirely come& 
and tha t  the deviations from them are  systematic. 
interest  t o  us, which may contain several cyclopropyl andlor cyclobutyl r ings 
large errors can be produced by incorrect ring increments. For quadricyclene 
one estimates w i t h  Vogel’s ring increments p25 = .9l2, whereas the increments 
suggested by the data of Table A2-5 and collected on Table A2-6 lead t o  p5 = 
.835, very close t o  the estimate obtained by the volume method discussed 
further on. 

In  the compounds of 

The cause of the exaltations in  Table A2-4 must, of course, be found 
i n  the e l  ctronic structure of the molecule. 

alkanes, hence the i r  electron cloud would be more exte ded, accounting for  the 

For cyclopropqne it is commonly 
assumed24 e that the carbon-carbon bonds have more %-character than i n  other 

increase i n  polarizability, magnetic susceptibility, 147 as well as volume. 

A b l a l  Volume Increment Method 

Cyclization changes the molal volume by three routes: 
hydrogen, b) change of a long intermolecular contact into a short intra- 
mlecular contact, and c) r igidif icat ion of the molecule. 
these three effects i n  de t a i l  “ground rules” m u s t  be formulated for making 
valid comparisons, and thus for producing valid prediction methods. 
ru le  should be that  a l l  comparisons be made a t  the same reduced temperature 
T/Tc. 
approximation. Even tha t  is not always enforceable because of lack of,Tb 
data. 
comparison a t  a fixed temperature a t  constant carbon number, (&>. 
dAc/dNc for  each type of cyclization increment 4 must therefore be known 
before one can transfer the information across carbon number lines. 

a>  Loss of 

Before demonstrating 

A basic 

In  the absence of T, data, a constant r a t i o  T/Tb would be a f a i r  

A s  a zeroth approximation we sha l l  employ a t  minimum the rule of 
The change 

UT her 
y o f z 2 F  as 

Case (a), hydrogen loss, is too obvious t o  require 
discussion and its magnitude has been ful ly  described elsewhere 
essentially independent of hydrocarbon type, ca 3 cm3/mole/H atom ( a t  25’C). 
This decrement s ize  is confirmed fo r  most cyclic hydrocarbons on Table A2-7, 
where a few systematic exceptions are  noted. 
is the well k i~own , ‘~ )~ ” )  but s t i l l  mquantified, effect  of conformation on 
molal volume. 

The cause of these exceptions 

In ordinary chemistry cause (b), change from nonbonded t o  bond 
distance, and ( c ) ,  r igidification, occur together. 
contraction accompanying formation of an addition compound from the liquid 
reactants is as much due t o  the conversion of an intermolecular t o  an 
a)  

For example, the volume 

The ring increments suggested by Batsanovxsl for the Eisenlohr system also 
appear t o  be too large. 

NASA-CR-72438 -75 - 



T a b l e  A2-5. EXALTATIONa) OF I'XILAR REFRACTIVITY FOR VARIOUS 
CYCLOALKANE SYSTEI'B ( I N  CF/iWLE) 

AlWl Group( s 1 : 
None 
Vogelts ring 
Increments - -*---- 

Methyl 
Ethyl 
Propyl 
1,l-Dimethyl 

1, c 1s- 2-Dlae€hgl 

1, trans-2-Dbethyl 

l,cls-3-Dimethyl 
l,trans-3-Dimethyl 
l,trans-4-Dlmethyl 

Spir opentanef 
3,3-SpIroheptaneg) 
3,1,3,1-Dispirodecane 
5,s- Spir oundecaneh 
Dicyclapropyli 
2,1,O-B1cyclopentanej 

Cyclohexane 

-.17(+.24) 

-.15 

-.03 
-.16 
-.14 
-.14 

-,33 

-.06 

+. 12 
-.16 
+.13 

-- 

Cyclopentane 

-.10(+.23) 

-.19 

-.OS 
-.13 
-.13 
-.04 
-.32; 
-.23 

-.02 

+,07 
0 

Multiple Ring Systems 

 RID 
1.23 
-- 

0. a3 
1.14 
-0.5 
0.70 
0.62 
0.78 
0.58 

6 [ R IdRing 

0.62 
0.42 
0.38 
-0.25 
0.35 
0.31 
0.39 
0.29 

[olar Refraction [RID lncr 

Cyclobutane 

[ - ,43( - .26 1 Id) 
+,32 

+. 40 
+.27 

i. 52 

- 

- 

+.12 

+.40 
+. 53 

C yc 1 opropane -- 
.26( +. 46 1 e I 
+. 61 

+,43 
+. 36 
+. 60 
+.33; +.43; 
+. 34 
+.60; +.60; 
+,45 

+. 60 

ents for carbon and hydrogen 

2,2, O-Bicyclohexanek) 
4,1, 0-Bicycloheptanek 
a) Relative to Vogelts 

only. 
b) From tables of API Project 44, 
c )  The values in parentheses are relative to [R]~(cxg! = 4.579, obtained from 

the cycloalkane data of reference (b) above cycloheptane. 
6) The experfmental cyclobutane datum is obviously faulty. 
e} A, V. Grosse and C. B. Llnn, J, Am, Chem. Soc. 6 l ,  751 (1939). 
f )  V. A. Slabey, lbid. 68, 1335 (1946). 
g) E. R. Buchman et al, N6-onr-244/XIa Cal. Tech. Oct. 1951. 
h) P. A. Naro, J. Chem. Eng, Data 2, 86 (1965). 
I) V. A, Slabey, J. Am. Chem. Sac. E,  4928 (1952). 
j) R. Criegee and A. Rimmelfn, Chem, Ber. 90, 414 (1957). 
k) S. U. Ferris, "Handbook of Hydrocarbons"; Academic Press, 1955. 
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Correction 

CH2 
1, cis-2-Dimethyl 
1, cis-3 
l,trans-2-Dimethyl 
1, cis-4 
1,l-Dimethyl 
Spiroalkane 

Condensed Cycloalkanes 
O X  
02x 

0 3  

04X 

- 
3 

+. 40 

+. 37 

+.60 

+.60 
+.62 

- 

L 

+. 35 
+* 35 

- 
4 

+. 27 
+. 13 
+. 40 
+. 38 

+. 50 

+. 40 

- 

+.25 

+- 3 

Ring Size 

51.0 

6') 
I 

5 i  
_I -. 13 -0 1.5 
-* 28 -. 33 
+. 07 +. 12 

0 -. 06 
-. 17 -. 04 -. 14 

+. 15b) -. 30 
+. 2 +. 2 

-.2 (-.25) 

-.l5 c is  -.25 

-.l5 c i s  -.25 

3; based largely 

trans 0 

trans -.O5 

but not entirely on the data of Table A2-5. 
I n  spiroalkanes where the adjacent ring is  large 
the increment is more nearly 
expectations from the 1, l-dimethyl derivative. 
For 7- and 8-membered rings, deduct a further 0.068 
(1q-6) from the datum i n  the cyclohexane columns, 
where nR = numbers carbon atoms i n  the l a rge  ring. 

b) 
i n  keeping with 

c) 
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Table A2-7. DOUBLE BOND INCREMENT OF THE FIIoLAL VOL@fE AT .20°C F'OR 
CYCLOALKXNFS RELATIVE TO THE lZQUISmUCTURE CYCLOALKANE 

I I N  --CP/NOLE PER DOUBLE BOW 

- 
Type of Double Bond 

cis- Mono-ene 

trans -Nono- ene 

1 , 3-Diene 
1 , +Diene 
1 , 5-Diene 

1,2-Diene 

1,3,5-Triene 5,35,% 
c &,3i 
c,c,zy 
CBC,C 

1,3,5,7-Tetrane 

Dicycloalkylidene ( 

bles. 
I 285 vs 3,7 diene 

a) API Res. Project 44 
b) Beilstein. 
c) A. C. Cope et al, J. Am. Chem, SOC. 75, 3212 (1953). 
d) A, T. Blomquist et al, ibid. '74, 3643 (1952). 
e) A. T. Blomquist et al, ibid. p. 3636. 
f) M. P. DOSS, Phys. Constants of the Prhcipal Hydrocarbons, Texas Go., 1943. 
g )  G. W i l k e  et al, Mabomol. Chemie 68, 18 (1963 in combination with L. I. 

h) E. Kuss, 2. angel$, P h y s i k j ,  373 (1955). 
Zakharkln and V. V. Korneva, C. A. 62, 638ge. 

1) MAAM:, TR 59-327. 
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intramolecular constant as it is due t o  the loss of the loss of the external 
degrees of freedom of one molecule. Since a rigid ring compound cannot have 
less  than 6 external degrees of freedom, i ts  further cyclization provides a 
direct  measure of the effects of cause (b) . Examples are shown i n  Table e-8 .  

A special form of case (b) is  observed with spirohydrocarbons, 
Table A2-9, where the inaccessibility of the central C-C bonds t o  intermolecular 
interactions causes a sharp drop in  the interaction energy manifest i n  the 
energy of vaporisation as well as boiling point. 
the liquid is considerably more expanded than is  tha t  composed of nonspiro 
cyclics. 

Hence a t  a fixed temperature 

Cause (c ) ,  the loss of molecular f lexibi l i ty ,  reduces volume because 
the extra degrees of freedom associated with internal rotation are additive t o  
the usual external degrees of freedom per molecule and contribute correspond- 
ingly to  its kinetic energy. 
change i n  molal volume accompanying conversion of hexene-1 t o  cyclohexane, etc., 
shown on Table A2-10. The number of external degrees of freedom per molecule 
given on Table A2-10 has been derived f om density and energy of vaporization 

A striking i l lus t ra t ion  of this  point is the 

data by a method described elsewhere. &) 

The effects of ring-conformation on molal volume have already been 
noted in connection with the cyclo-olefins. 
condensed cycloparaffins, as evident from the data of Table A2-11, 
that  the ring closure decrement for the denser cis-isomer generally approaches 
the "typical" ring closure decrement in  magnitude, while that  for the trans- 
isomer is appreciably smaller. "he high density of the cis-isomer appears t o  
be connected with their  greater east of packing (stacking). 
explanation of the high density due to  crowding of the hydrogens is  not borne 
out by calculation, 

They are even more prancmnced with 
One notes 

Allinger's 

Isomerization of cycloalkanes t o  alkylcyploalkanes is accompanied by 
an appreciable volume expansion (Table 82-12) because of the low energy of 
methyl/methyl interaction and the concurrent r i s e  i n  kinetic energy due t o  the 
mobility of the alkyl roups. The large effects of cis-trans isomerization 
(and ring conformation 7 on the volume of the different diaUryl cycloalkanes 
seems t o  be largely a function of the space requirement for rotation as is 
indicated by the excellent correlation of the molal volume of the isomeric 
dimethylcyclohexanes and decalins w i t h  the mean-square radius of gyration of 
the molecules on Figure A2-1, 
cyclohexane is a maverick also i n  other correlations,19) its e cursion on 
Figure A2-1 might throw the entire correlation into In the absence 
of numerical estimates of Allinger's suggestion of volume loss  per molecule due 
t o  intramoleculax crowding, one cannot assess which of these two causes should 
be considered as of primary importance. 

Were it not tha t  the volume of 1,l-dimethyl- 

a) Comparison a t  constant T/Tb also should not reduce 8V of 1,l-dimethyl- 
cyclohexane below tha t  of the cis-l,2-isomer, as required by the radius 
of gyration. 
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Table &-8. VOLUME CHANGE ACCOMPANYING ADDITIOiW; RING CLOSURE 
OF CYGLCUlLMNES OR CYCLQALKENES (-CW/bXlU PER 

ADDITIONAL RING CLOSURE) AT 20°C 

02 (Nc-4) 

04 (Nc-6)a) 

12 (Nc-5) 

22 (Nc-6)  

a)  Nearly a l l  

- 
5 

a. 1 
2.2 

- 

:es i 

7 
8.0 

(1.2) 

8.6 
1.8 

e fro 

- 
7 

6.6 
1.8 

e. 1 
3.3 

- 

10 
4 

- 
refc 

- 
8 - 

6.0 
1.8 

7.6 
3.4 

( 10) 

9-10 

ence 
- 

b) sC = decrement re la t ive t o  cycloaBane, i 
cycloalkene, i.e., the isomerization of . 
closure. 
Only the c i s  isomer is referred t o  here. c) 

- 
9 - 

5.5 
(0.2) 

8 
2.7 

10.6 
(4)  

m 

10 

7.9 
(2.0) 

9-2 
3.3 

( 12-13 

]Cable . 
= decrement 

12 

6.8 

15 
8 

I - -7 
elative to  

e double bond t o  a ring 

d )  The-symbol 01 (Ne-3) specifies tha t  the shortest path across the 
bridgehead contains 0 carbon atoms (direct  bonding); the next longest 
path contains 1 carbon atom; the longest path contains (Nc-3) where 
Ne is the number of carbon atoms i n  the ring prior t o  closure. 



Table A2-9. V O L W  CHANGE ACCOM?ANYING RING CLOSURE OF CYCLOALKAI~~' 
OR CYCLQALKEi\TEs TO SPIFtOALKAlW (-CW/MOLE PESI 
1 

4 
-1.9 

4 
-3 

1.5 
-3.3 

- 
8 

-1.4 
-2.8 

- 

-3 

- - 
- 

Table A2-6. 
See definition on Table A2-8. b) 

c )  For the dispiro decane. 
d )  5,3,5-Dispiro tetradecane. 
e) The symbol specifies the number of 

one in  each of the connected rings. 
i n  the ring prior to closure. 
I_ 

10 

1.7"' 
-4c 

6.2 
1.8 

- 

carbon atoms other 
Ne is the number 

14 

than the apical 
of carbon atoms 

one 
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NC 

033 Bicyclooctane 
034 Bicyclononane 
025 Bicyclononanea) 

3 
4 

5 

6 
3 
9 

10 

12 

20 

1.2 7.6 
3.4 7.5 
0.15 5.6 

a) For the  cycloallcanes N, i 12 

035 Bicyclodecane -2.5 

( 3 ~ - 6 )  of 
l-Alkene 

0 

0.3 
0.5 

0.9 
1.8 
2.2 

2.7 
3.6 
7.1 

)ne finds 3c =: 6. 
b) A t  the atmospheric bihg point. 
c)  From extrapolated density data, For cycloalkanes 

of t h i s  s ize  3c > 6 ,  hence AV is indeed l ikely t o  
decrease a t  Nc > 12. 

Table k2-11. VOLUME CHANGE ON cis-trans ISOfi'lERIZATION 
OF CONDENSED CYCLOALKAW 

I V,po(trans)-VzO(cis), 
cm3/mole compound I 
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Table A2-12. VOLUME CH%-NGE ON ISOMEBIZATION OF CYCLO- 
ALKANE TO ALXYLCYCLOALXANES (CYCLO Cn -*Me CYCLO 

Cn-1 AND CYCLO C n  +Me2 CYCLO Cn-2) 

AII i n  cm3/mole per am1 group. 

A l k y l  C y c l o a l k a n e  

Methyl cycloalkane 
1,l-Dimethyl 
cis-l,2-Dimethyl 

tr ans-l,2-D imethyl 
c i s  -lf3-Dimethyl 
trans-l,3-Dimethyl 
cis-1, bDimethy1 

Ring Size, CycloaUcane 

4,3 6.5 
5.0 4.5 
3.1 
5.0 

5.2 5.4 
6.0 . 

nt, meth: 
I trans-l,4-Dirnethhyl 

a) A t  atmospheric u r n  
datum from Egloff, Physical Constsu 

- 
a - 

4,8 
4.8 
3.4 
5.2 
6.2 
4.4 
4.6 
6.5 - cyc. 
8s oj 

- 
8b) - 
3.0 
2.3 
3.8 
4.4 
3.0 
30 1 
4.6 

Hydro- 
carbons, V O ~  2, p. 42. 
All a t  T/Tb = .7Ol (the "reduced" temperature for 
cyclooctane a t  P jOC) .  
previous references . 

b) 
All other data from 
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Generaliped Density .vs Temperature Relation 

I n  principle it would have been more desirable t o  express the 
of the liquids of interest  i n  terms of the generalized coordinates packi 
density Vv/V( ) = f(Tx) = f(ZcRT/2Eo) developed earlier,I7) where Vw is the 
volume actual T y occupied by the molecule as estimated from x-ray diffraction 
data, 18) E" is the energy of vaporization a t  the s tvdard condition V(T)/VW = 
1.70, Z is  the number of nearest neighbors per molecule, generally taken as 10, 
and 3c is the number of internal degrees of freedom per molecule mentioned 
earlier. 

F,rhile a generalised function exists which describes the density of a 
wide range of aliphatic and aromatic substances i n  the liquid s t a t e  quite well, 
with a single value of 2, it does not handle the cyclic compounds of the present 
investigation without adjustment of either V,, or of 2, or  of both. 
course, be entirely true that  for  the more nearly spherically symmetrical 
compounds of the present investigation Z differs  substantially from the value 
more commonly found. 
of 2. For that  reason 
i n  the present investigation the generalized density has been used j u s t  t o  
check the reasonableness of the numbers arrived a t  by different methods. 

It may, of 

But there is  a t  present no guide for a ,priori estimation 
Hence, it would be just  another disposable parameter. 

Nature and Reliabil i ty of the Correlations Developed 

The Refractive Correlation i s  only of limited u t i l i t y  because 
II 

refractive index data w e  ever more rarely determined by preparative chemists. 
A systematic treatment of the Palar Refractivity of ( strained) polycycloalkanes 
is also s t i l l  wanting. 
is displayed by the examples on Table &-l3. It should be noted that there are 
no refract ivi ty  data for hydrocarbons of high s t ra in  concentration. 

The r e l i ab i l i t y  of the density estimates so obtained 

The Molal Volume Correlation discussed i n  the body of this report can 
be scrutinized for r e l i ab i l i t y  on several levels, first by examination of the 
scatter of the cyclization increment/magnitude, and then by a few applications. 

In  principle one prefers the reference compound t o  be as close t o  the 
compound under consideration as possible, so tha t  the additional ring closure 
increments are as fev anG as small as possible. Instead of considering the 
single closure of a cycloalkane, involving the loss of H2, one should consider 
the isomerizing closure of a c-,-cloalkene, etc. Unfortunately, th i s  path is  
obstructed by the peculiar effect of detailed conformation of the cycloalkenes 
and higher cyclopolyenes on the molal volume. There is no obvious reason for 
choosing a particular cycloolefin as reference compound i n  preference over its 
isomer(s). A somewhat arbitrary choice may be the one that  has a dehydrogena- 
t ion decrement most nearly l i ke  6 cm3/H2. 

A comparison of the ring-closure decrements obtained by both 
procedures, on Table A2-14, shows that the f'ractional scatter of the olefin 
derived decrements is indeed larger than it is  for the cycloalkane derived 
decrements. But the absolute scatter, i n  cm3/mole, is generally smaller. 
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Table A2-13. COMPARISON OF DENSITY ESTIMAlIlES FROM 
REFRACTIVE INDEX DATA WITH OBSERVED DENSITY 

p t  calc pt obs 

Bicyclo[2,2,01 hexane 830 0825 

2,2-Dimethyltricy 10[3,1,0j- 873 [ 2,2,11 heptane aF 873 

Bicyclo 5,2,0 1 nonane -866 s 864 

Table A!2-14. RECOMMENDID VOLUME INCREMENTS 60m PER 
ADDITIONAL RING CLOSURE OF CYCLOALKANES AND €jam P@ 

ISOMERIZING RING CLOSURE OF CYCLOALKENES ( I N  4 M a /  
PDLE PER ADDITIONAL RIM3 CLOSURE) AT 20°C 

~ i i  for N, 5 10,~) 

m e  of Ring Closure 
cma/Mole Per Additional 

a) The r i s e  of increments with carbon ni 
has yet t o  be worked out. 

b) Beyond the simple cycloallrane. 

Ring C 
-%vR 

'7.4 0.7 
7.1 -f: 1.3 
7.5 * 0.2 

10 
10 
10 

( e )  
2.0 2 .5 

6 

-2.6 2 .5 
-3.3 * .6 

1.8 
ber a t  N, > 10 

e)  

d )  

e) 

Based largely,-but not entirely on the data of 
Table A2-8. 
Based largely, but not entirely on the data of 
Table A2-9. 
Too irregular t o  permit averaging. 
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Systematic trends of the r i n g  closure decrements w i t h  the  t o t a l  size 
of the molecule are d i f f i cu l t  t o  find a t  Nc 5 10, except for  a trend t o  pass 
through a shallow m i n i m  a t  N, = 7 t o  8. But the magnitude of nearly a l l  
decrements increases sharply a t  No > 10, So far it has not been established 
whether this is a r e a l  effect  or an ar t i fac t ,  inherent i n  the use of extrapo- 
lated rather than experimental values of the reference volumes of the 
cycloalkanes, a list of which is attached as Table 82-15. 

Examples 

A number of pertinent cases has been calculated by the methods 
discussed. The resu l t s  are shown on Table A2-16. Discrepancies between the 
resu l t s  are  a measure of the remaining uncertainties of the method. 
expressed as uncertainty i n  density impulse these data could be used t o  pin- 
point the economic value of experimental determination (preceded by the 
synthesis of requis i te  amounts of material) of the necessary information. 

Flheiz 

Table A2-15. rYlDLECULAR VOLUNl3 AND PDLECULAR REFRACTION 
OF CYCLOALKANES 

compound 

- 
Cyclopropane 
Cyclobutane 
Cyclopentane 
Cyclohexane 
Cycloheptane 
Cyclooctane 
Cyclononane 
Cyelodecane 
Cyclound ecane 
Cyclodod ecane 
Cyclotr i d  ecane 
Cyclot etradecam 
Cyclopentadecam 
Cyclohexad ecane 
Cycloheptad ecane 
Cyclooct ad ecane 
Cyclononadecane 
Cycloeicosane 
a )  A +  cat.viratinn nrnccti 

bfecu la r  Volume 

V = Pl/d 

20°C I 25°C 
I 

- 
80. 8ia) 
94.0% 

108.093 
121. c6 
134.20 
148.48 
163. 57 
17% 0 
195. Ob) 

288. lb) 
244. gb) 
261. gb) 
276. gb) 
296.0;; 
313.2b) 
330.4 

211.5b) 

!. 

- 
81. 43a) 
94,.713 

108.744 
121.72 
134 . 87 

164.28 
1L1.9 , 16 

:b) 
212.3 
228. sb) 
245 . Bb) 
262.8b) 
279.9,) b) 
297. Ob) 
314- 3b) 
331 0 6 

20°C 1 25°C 

ml/mole 

- 
18. 06a) 
23.133 
27 0 709 
32 . 21 
36.67 
41.17 
45 0 77 
50- 5b) 
55 * lb) 
5 9 0 8 ~ )  
64.3 
69.0;; 
73.5 
78.1b) 

87.4b) 
91. Sb) 

82.7b) 

- 
18.06~) 
23.144 
27 . 722 
32.23 
36.68 
41.19 
45 . 79 

55.1 

69.0 

78, lb) 
32. Tb) 
87. 4b) 
91. 8b) 

50. 5b) 

59. Bb) 
640 3b) 

73. gb) 

b) For the undercooled liquid below the normal freezing 
point. 
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Table A2-16. EXAMPLES OF PREDICTED DENSITIES 

Compound I 
Quadricyclene 
trans-[ 5,1,0,03e5]~icyclooctane 
Tetracyclo~4,1,0,02~4,13~710ctane 
Bicyclobutane ( a t  O'C) 

Tetrahedrane ( a t  O'C) 
TricycloE 1,l, 1, o 3 pentane 
1,2-DimethyltricycloC3, 1,O,O2J"1- 

1,4-Dimethyltricyclo [ 3,1,0, 02t4 1- 

=icyclo[ :c,2,0,0'~5]0ctane 
Pentacyclooctane ( cubane) 

hexane 

hexane 

p20 -om 
Refractive Index 

P20 
From ScV~ 

332 
. 905b) 
. 970 
750 

.806 

835 
c i s  .,%o 
trans .835 
c i s  .845 
trans .818 
.go 2 -02 

-98 -t -04 
1 

a) ne" from S. Yinstein e t  al ,  J. Am. Chem. Soc. 86, '127 (1964). j If one assumes a positive volume increment of 3 cm /mole (see Table A2-11) 
for the trans conformation one obtains p = .885 and -882, respectively, 
i n  the l a s t  two columns. 
n p 5  from G. S. Harnmond e t  al ,  J, Am. Chem. Soc. 83 

Starting from the datum for bicycloheptadiene (zo = .9065) by C, T, 
Eortimer e t  al ,  -9 1963 3823. 
Starting from the datum for cyclooctatetraene (ref. h of Table A2-7). 

b) 

c) 
d) nE6 from Ne A. LeBel and R. N. Liesmann, ibid. 87,*301 (1965). 
e) 

f )  

4674 (1961). 
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J. Phys. Chem. - 231, 77( 1966) 
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V c i s  1,3 
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/ 
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13 ABSTRACT 
Specif ic  impulse (1000 psia/atm) and flame temperatures i n  combustion with l i q u i d  

oxygen have been calculated f o r  over forty s t r a ined  o r  unsaturated hydrocarbons whose heats  
of combustion per u n i t  mass a r e  r e l a t i v e l y  high. Calculations were made assuming both frozen 
and s h i f t i n g  e q u i l i b r i a  during expansion; the required en tha lp i e s  of formation and d e n s i t i e s  

e r e  estimated when experimental values were lacking. The calculated gain i n  s p e c i f i c  
mpulse over t h a t  of the kerosene f u e l  RP-1  ranged up t o  18 seconds or 6% a t  an oxygen/fuel 
a t i o  s toichiometr ic  f o r  combustion t o  carbon monoxide and water. The r e s u l t s  obtained have 
een co r re l a t ed  with t h e  hydrogen/carbon atom r a t i o  of the hydrocarbon and its enthalpy of 

formation per gram atom of carbon. 

has been reviewed. Physical p rope r t i e s  and heat- t ransfer  p rope r t i e s  have been estimated over 
a range of temperatures for seven se l ec t ed  hydrocarbons f o r  comparison with those of RP-1. 
Similar data a r e  presented f o r  a very dense hydrocarbon. 

manufacture f o r  two energet ic  hydrocarbons: 1,7 octadiyne and spiro(2,2)pentane.  Synthetic 
routes  t o  a number of unusual hydrocarbons a re  reviewed b r i e f l y .  

ex i s t ing  rocket engines a r e  discussed. I n  most cases the major d i f f i c u l t y  i s  posed by a low 
hydrogen/carbon atom r a t i o ;  th i s  r equ i r e s  that the  mass-flow rate of t he  f u e l  be enhanced a t  
near-stoichiometric conditions t o  avoid a decrease i n  the mass-flow of propellant and i n  
ava i l ab le  t h r u s t .  T h i s  problem i s  aggravated i f  the densi ty  of the hydrocarbon i s  lower than 
t h a t  of RP-1. If t h i s  problem can be overcome, s u b s t a n t i a l  gains i n  payload a r e  p o t e n t i a l l y  
a t t a inab le .  

Available information on the thermal s t a b i l i t i e s  of these types of hydrocarbons 

Preliminary and approximate estimates have been made of t h e  cost  o f  large-scale  

Po ten t i a l  problems i n  the use of such hydrocarbons as replacements for RP-1 i n  
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